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ABSTRACT

Qian, Cao. M.S.M.E., Purdue University, August 2018. High Resolution Temperature
Measurement Using TERS. Major Professor: Xianfan Xu.
Heat is a functional importance in nanoscale devices. It will affect the function and
performance of the device if not distributed properly. Since the development of nanoscience, various studies have been issued on nanoscale temperature mapping utilizing a
variety of techniques. Among them, optical methods are preferred due to its noninvasive
characteristic. Especially, Tip Enhanced Raman Spectroscopy (TERS) performs as a tool
with high spatial resolution in temperature mapping.
In this work, a homemade TERS system based on AFM is utilized as the tool for
nanoscale temperature mapping. Bismuth thin film is used as nanoscale thermometer due
to the characteristic that its A1g Raman peak has a linear relation with temperature variation
when experiencing temperature range of hundreds of Kelvin. Bowtie aperture serves as
nanoscale optical antenna to locally creates a sub-diffraction-limited hot spot under the
radiation of laser. The aim of this work is to utilized Bi thin film to locate the nanoscale
hots pot under TERS scan.
Temperature mapping was achieved by fitting the TERS spectrum collected from the
Bi thin film with spatial resolution of 60nm
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CHAPTER 1.

INTRODUCTION

With the significant development in nanotechnology during the past few decades,
increasing devices are being packed in smaller areas thus to increase the ultimate
performance. While device density grows rapidly, more and more heat is packed in tiny
area of certain chip which will reduce chip performance as a result if not distributed
properly. Not only in electronic devices, temperature is also a vital parameter in other fields
of nanoscience. Therefore, finding versatile proper methods to map variation in
temperature with nanoscale spatial resolution is a key challenge in nanoscience. In
particular, a sensitive thermometer with high spatial resolution could be a powerful tool in
many areas of researches, such as biological, physical and chemical researches.
As the dimension goes to nanoscale, macroscopic temperature measurement methods
are rendered useless. Various new studies have been conducted on sub microscale utilizing
methods such as fluorescent polymers, nanoparticles, organic dyes, scanning probe
microscopy and Raman spectroscopy. Among these methods, optical methods are more
widely used due to its noninvasive benefit. Especially, Tip Enhanced Raman Spectroscopy
(TERS) provides a tool that can be applied to higher spatial resolution temperature mapping
than other existing normal Raman thermometry techniques.
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In this thesis, TERS combined with an atomic force microscope (AFM) act as detection
tool and Bismuth thin film is utilized as thermometer. The aim of this whole system is to
introduce a new method of sub micro scale temperature mapping.
This chapter will give a brief introduction about Raman spectroscopy, near filed optics
and existing high-resolution temperature measurement methods.

1.1

Raman Spectroscopy.
Light scattering is a ubiquitous physical process and natural phenomenon. When a

monochromatic light with a frequency of 𝜈0 is radiated onto a scatterer, the incident light
interacts with the scatterer which deviates its path from the original incident direction and
even changes its energy, this is called scattering (Peter, 2011). The frequency of scattered
light (𝜈s ) and the incident light (𝜈0 ) are mainly the same. Most part of the scattered light
does not experience energy change after interacting with the scatterer, which is called
elastic scattering and is often referred to as Rayleigh scattering (Peter, 2011). The scattered
light also includes the light with frequencies (𝜈0 − 𝜈k )

and

(𝜈0 + 𝜈k ) located

symmetrically at both sides of the Rayleigh spectrum with extremely weak intensity (Peter,
2011). Their energy changes during the interaction with the scatterer, which is called
inelastic scattering, named Raman scattering as well. The scattered light with a frequency
of (𝜈0 − 𝜈k ) is called Stokes line of Raman scattering, and the scattered light with a
frequency of (𝜈0 + 𝜈k ) is called anti-Stokes line of Raman scattering (Peter, 2011).
Raman scattering is an inelastic scattering (Peter, 2011). The incident light shining on
the sample interacts with the electron cloud or molecular bond of the sample, and energy
exchanges between the natural vibration and rotational energy level of the sample.
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According to the classical electrodynamic theory, the bound electrons in the atom or atoms
in the molecule are induced to vibrate near their equilibrium position under periodically
changing external electric field, resulting in an electric dipole moment (Peter, 2011):
𝑃 = 𝛼 ∙ 𝐸 = 𝛼 ∙ 𝐸0 cos(2𝜋𝜈0 𝑡)

(1.1)

In this formula, 𝐸 is the incident light electric field; 𝛼 is the polarizability tensor matrix
of the scatterer, whose structure is determined by the symmetry of the scattering system;
𝐸0 is the electric field amplitude vector of the incident light, and 𝜈0 is the incident light
frequency. The Taylor's first-order approximation of the polarization coordinates α of the
vibrating scatterers to normal coordinates is (Peter, 2011):
∂α

𝛼 ≅ 𝛼0 + (∂Q) 𝑄
0

(1.2)

Among them, 𝛼0 is the polarizability of the atom in the scatterer at an equilibrium
position; Q is the normal coordinate of the vibration mode. Retention to the first-order
expansion term can approximate the polarizability of vibrations that deviate little near the
equilibrium position well. When the amplitude is small, the movement of the electric dipole
inside the scatterer can be approximated as a simple harmonic vibration (Peter, 2011).
Therefore, the vibration coordinate can be represented as (Peter, 2011):
𝑄 = 𝑄0 cos(2𝜋𝜈k 𝑡 + 𝜑𝑘 )

(1.3)

In the formula, 𝑄0 represents the amplitude; 𝜈k is the vibration frequency; 𝜑𝑘 is the
initial phase of vibration. Substituting equations (1.2) and (1.3) into equation (1.1), we can
get the induced dipole moment 𝑃 generated by the vibration mode generated by the applied
electric field 𝐸 (Peter, 2011):
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𝑃 ≅ [𝛼0 + (

∂α
) 𝑄 cos(2𝜋𝜈k 𝑡 + 𝜑𝑘 )] ∙ 𝐸0 cos(2𝜋𝜈0 𝑡)
∂Q 0 0

1
∂α
1
∂α
= 𝛼0 ∙ 𝐸0 cos(2𝜋𝜈0 𝑡) + 𝑄0 ( ) ∙ 𝐸0 cos[2𝜋(𝜈k − 𝜈0 )𝑡 + 𝜑𝑘 ] + 𝑄0 ( )
2
∂Q 0
2
∂Q 0
∙ 𝐸0 cos[2𝜋(𝜈k + 𝜈0 )𝑡 + 𝜑𝑘 ]
= 𝑃0 (𝜈0 ) + 𝑃0 (𝜈0 − 𝜈k ) + 𝑃0 (𝜈0 + 𝜈k )(1.4)
Among them, in order to simplify the expression of the induced dipole moment 𝑃, the
1

∂α

2

∂Q 0

notations 𝑃0 (𝜈0 ) = 𝛼0 ∙ 𝐸0 cos(2𝜋𝜈0 𝑡) and 𝑃𝑘 (𝜈0 ± 𝜈k ) = 𝑄0 ( ) ∙ 𝐸0 cos[2𝜋(𝜈k ±
𝜈0 )𝑡 + 𝜑𝑘 ] have been introduced. Equation (1.4) shows that the induced electric dipole
moment has three different frequency components 𝑃0 (𝜈0 ), 𝑃𝑘 (𝜈0 − 𝜈k ), and 𝑃𝑘 (𝜈0 + 𝜈k ).
So when light scattering occurs, the radiation of the frequency 𝜈0 , (𝜈0 − 𝜈k ) and (𝜈0 + 𝜈k )
occurs simultaneously (Peter, 2011). Among them, the scattered light with the frequency
𝜈0 has Rayleigh scattering because its frequency is the same as the frequency of incident
light; the scattered light with frequency (𝜈0 ± 𝜈k ) has a frequency shift of𝜈k with respect
to the incident light’s frequency, 𝑃𝑘 (𝜈0 − 𝜈k ) corresponds to Stokes Raman scattering, and
𝑃𝑘 (𝜈0 + 𝜈k ) represents anti-Stokes Raman scattering (Peter, 2011). This shows that the
Raman scattering spectrum is independent of the incident light frequency and depends only
on the structure of the material being applied.
Based on the theory of quantum mechanics, the mechanism and basic characteristics of
Raman scattering can be described as follows (Peter, 2011). The scattering system is
considered to be composed of quantized target particles, and the scattering process is a
process in which the quantum state of the target particle changes and the scattered wave is
radiated under the affect of incident light wave.
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Figure 1.1. Energy states of Rayleigh scattering, Stokes Raman scattering and anti-Stokes
Raman scattering (Moura et al., 2016).

Figure 1.1 shows the quantum mechanics description of vibration light scattering
(Moura et al., 2016). Each horizontal line in the figure represents the quantum state
corresponding to a certain microscopic motion state of the target particle, including the
real/virtual quantum state, and arrows indicate the energy level transition. Under the action
of incident light, the target particles are excited to jump from one quantum state to another
and simultaneously radiate scattered light. Rayleigh, Stokes, and anti-Stokes scattering
were generated by the difference in energy level transitions (Peter, 2011).
The target particle is excited to transition to a virtually nonexistent virtual energy level,
and immediately returns to the original quantum state and radiates a scattered light wave
of the same frequency, and this is called Rayleigh scattering (Peter, 2011). If energy
exchange occurs between the incident light and the vibration/rotation level of the target
particle thus causes the target particle transits to the virtual energy level and returns to a
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quantum state which is different from the original state, the energy difference between the
ground state and the new quantum state will cause a frequency difference between the
released photons and the excitation light, which is known as Raman scattering effect (Peter,
2011). The variation of the Raman scattered light with respect to the incident light
frequency is referred to as Raman shift. When the target particle returns to another higher
energy level, which means the final vibration state of the target particle is higher than the
initial energy, due to the fact that total energy of the system is conserved, the frequency of
the released photon will be lower, which is the Stokes line of Raman scattering (Peter,
2011). On the contrary, if the frequency of emitted photons is higher than that of incident
light, that is defined as the anti-Stokes line of Raman scattering (Peter, 2011). This shows
that the Raman shift is determined by the structure and properties of the scattering system
and can specifically tell the natural vibration and rotational energy level structure of the
sample material. Therefore, the Raman spectrum has "fingerprint" characteristics
corresponding to the structure of the substance.
In 1923, Smekal and Podolsky et al. theoretically predicted this kind of frequencychanging scattering phenomenon (Smekal, 1923; Podolsky et al., 1929). In 1928, the Indian
physicist Raman (Raman, 1928) first observed the phenomenon of this scattered light
frequency changing in gas and liquid. This phenomenon is therefore named after his name
Raman scattering. Further research shows that Raman spectroscopy has the following
features (Peter, 2011):
1. "Fingerprint" characteristics of Raman spectroscopy: Since the Raman shift is
determined by the structure of the material, different materials have their own characteristic
Raman spectra excited by the incident light. Raman spectroscopy specifically reflects the
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natural vibration and rotational energy level structure of the sample material, so it is
suitable for the detection and characterization of the material structure.
2. The Raman frequency shift is independent of the incident light frequency: For the
same substance, the Raman shift does not change when the incident light of different
frequencies is excited.
3. Stokes and anti-Stokes shifts have equal absolute values, but Stokes scattering has a
much stronger intensity than anti-Stokes scattering does.
4. The scattering cross section of Raman scattering is small, so the intensity of Raman
scattering is extremely weak, generally only 10−6 ~10−12 of the incident light. This is a
major factor that restricts the development and application of Raman spectroscopy.
In addition, Raman spectroscopy has many advantages such as simple operation, wide
application range, low detection cost, no need of special sample preparation and nondestructive to samples, which make it widely used in the fields of physics, chemistry,
materials science, biology, medicine, and environmental science, etc.
Nanoscience and technology are the disciplines that study the composition,
characteristics, design methods and applications of nanoscale materials and structures. As
the size decreases, interactions including surface effects, quantum effects, and statistical
mechanics effects tend to be significant. Compared with the macroscopic system, many
physical properties of materials and structures at the nanometer scale will change and show
distinct and unique properties. The development of nanoscale science and technology has
promoted the understanding of the structural composition and performance characteristics
of nanoscale materials, and based on this, it has been used to control characteristics of
nanomaterials and devices by designing the corresponding material structure and
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composition of them thus to establish new nano-functional materials and devices.
Nowadays, the research of nanoscience and technology has been widely carried out in areas
including nanomaterials, nanobiology, nanooptics, nanoelectronics, nanomechanics, and
related interdisciplinary subjects, and has attracted great research attention and attention
(Meyendorf et al., 2003).
The first problem that needs to be solved during the research and development of
nanoscience and technology is how to detect and characterize the morphology and material
structure of nanoscale samples. The traditional spectrum detection method can get the
material structure and molecular dynamics information by detecting the emission,
absorption or scattering spectrum of the material and analyzing the spectral line
characteristics. Furthermore, the detection sensitivity of the spectrum detection is high, and
the sample can be in-situ nondestructively detected with less restrictive on sample
preparation and work environment. However, since conventional spectroscopy is limited
by the optical diffraction limit, the spatial resolution is difficult to meet the needs of
nanoscale measurement and characterization. In order to improve the resolution of
detection, people use electron beams, ion beams and X-rays whose wavelength is much
smaller than visible light to detect samples and observe the interactions between the
samples and the measured substances to observe the material structure and composition of
the samples. The corresponding detection techniques include scanning electron microscopy
(SEM), transmission electron microscopy (TEM), electron energy loss spectroscopy,
Auger electron spectroscopy, secondary ion mass spectrometry, X-ray diffraction, and Xray photoelectron spectroscopy (Meyendorf et al., 2003; Menchhofer et al., 2015).
However, compared with traditional spectroscopy, the physical processes of the above
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methods are relatively complex, and the test information provided is complex which made
it difficult to analyze without prior knowledge. As the detection wavelength is shortened,
it is easier to damage the fragile samples and sample preparation and testing environment
requirements are relatively high.
In the 1980s, Binning et al. (Binnig et al., 1982) invented a scanning tunneling
microscope (STM) based on the quantum tunneling effect. Starting with this invention,
related instruments based on different interactions were quickly developed and expanded
into a family of scanning probe microscopes (SPMs), such as atom force microscope (AFM)
(Binnig et al., 1986), scanning near-field optical microscope (SNOM) (Heinzelmann et al.,
1994) which based on scanning shear force-based near-field optical information and
electrostatic force microscope which based on scanning electrostatic force microscope and
so on. By using SPM to analyze the sample surface, surface morphology imaging with
nano-scale spatial resolution can be achieved and physical information such as mechanical
or electromagnetism can be obtained at corresponding positions in the sample space, but
however these methods are difficult to provide chemical information of the sample.
In addition, the development of a series of label-based optical detection methods has
also significantly improved the spatial resolution of the detection, including photoactivated
localization microscopy (PALM) (Betzig et al., 2006), stochastic optical reconstruction
microscopy (STORM) (Rust et al., 2006) and stimulated emission depletion (STED) (Klar
et al., 2000), to improve imaging resolution by modifying the point spread function of the
light source. These methods can provide high spatial resolution imaging of labeled
chemicals and have strong detection signals, especially in the research of chemical and
biological fields. However, due to the need to mark the test substance, fluorescent labels
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may affect the structure and molecular behavior of the material. Moreover, the detection
can only mark specific substances, and the unknown substance components in the samples
are still undetectable. Therefore, there is still an urgent need to develop a chemical
information detection method that can provide high-resolution, label-free substances.
Raman spectroscopy is a material chemical information detection method without a
sample mark. It can reflect the vibration and rotational energy levels of a substance through
the interaction of light between the measured substance, and detects the material structure
of the sample (Peter, 2011). In addition, the detection and analysis of the characteristic
Raman peak offsets can reflect the physical or chemical changes in the structure of the
sample under detection (Peter, 2011). Therefore, it can be applied to the material structure
characterization, phase identification, phase transition monitoring, particle size analysis,
and mechanical performance testing of nanomaterials (Peter, 2011; Gouadec et al., 2007).
In the process of applying Raman spectroscopy to nanoscale materials and structures, it
faces the following three difficulties and challenges:
First, the resolution of traditional Raman spectroscopy is limited by the limit of optical
diffraction, and the spatial resolution is relatively low which cannot meet the needs of nanoscale detection. According to the traditional optical theory, the propagation of light satisfies
the general law of diffraction, and therefore there is a diffraction limit. According to
Rayleigh criteria:
0.61𝜆

δ ≥ 𝑛 sin(𝜃)

(1.5)

Where δ is the resolution, 𝜆 is the wavelength of the illumination light, 𝑛 is the
refractive index of the object, 𝜃 is the semi-aperture angle of the object, and 𝑛 sin(𝜃) is the
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numerical aperture (NA). The criterion shows that only when the distance δ between two
points of the object is greater than or equal to the right value of equation (1.5), can the two
optical systems be considered as separable points, that is, they can be distinguished. In
g𝑛 < 2, sin(𝜃) < 1,and the limit resolution distance δ is no less than 𝜆/2. The spatial
resolution of traditional Raman spectroscopy cannot exceed the limit of optical diffraction.
Under the excitation of visible light, only the average spectral information of material
structures within micrometer to the submicron scale can be obtained.
Second, Raman scattering is very weak, resulting in low detection sensitivity. Since the
inherent differential scattering cross-section of Raman scattering is small, usually only
10−30 cm2 𝑠𝑟 −1 , the probability of scattering is far less than Rayleigh scattering and
fluorescence (Peter, 2011). Moreover, in the detection of nanoscale materials and structures,
even at the single-molecule level, the low content of the sample also makes the Raman
scattering signal very weak. Even with an excitation spot with a power of 1 W and a
focusing area of 1μm2 irradiating the sample surface, it takes an average of several hours
for a single sample molecule to emit 1 Raman scattered photon (Campion et al., 1998). In
the detection of nanoscale materials and structures, Raman scattering is extremely weak
and seriously affects the signal detection sensitivity.
Third, there is a need for spatial identification of Raman spectral imaging. The Raman
mapping of the distribution of the characterizing substances in the detection area of the
nanoscale sample and the topography of the display surface are correspondingly identified
in space, and as a result, the physical and chemical information of each point can be
comprehensively compared in space, thus reflecting the characteristics of nanoscale fine
structures. This not only requires high-resolution Raman spectroscopy imaging, but also
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requires the distribution of the surface topography of the sample in the corresponding
region. At the same time, higher requirements are placed on the resolution, precise control,
and stability of the detection system.

1.2

Near Field Optics
The field distribution outside the surface of the object can be divided into two regions:

one is a region that is only a few micrometers from the surface of the object and is called a
near-field region; the other is called a far-field region from the outside of the near-field
region to infinity. Conventional observation tools such as microscopes, telescopes and
various optical lenses are in the far field range. The structure of the near field is quite
complicated. It includes components that can be transmitted far away, and components that
are limited to one wavelength only on the surface of the object. Its intensity rapidly decayed
with distance from the surface and could not exist in free space.

1.2.1

Near Field Scanning Optical Microscopy

Near-field optics is relative to far-field optics. Traditional optical theory, such as
geometric optics, physical optics, etc., usually study the distribution of the light field far
away from the light source or away from the object only which generally referred to as farfield optics. Far-field optics have a far-field diffraction limit in principle, which limits the
minimum resolution size and the minimum mark size when using far-field optics for
microscopy and other optical applications. Near-field optics, on the other hand, studies
light field distribution within a range of wavelengths from a light source or object. In the
field of near-field optical research, the far-field diffraction limit is useless, the resolution
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limit is no longer subject to any restrictions in principle, and can be infinitely small, so that
the optical resolution in microscopic imaging and other optical applications can be
improved based on the near-field optical principle.

Figure 1.2. Diagram illustrating near-field optics (Hsu, 2001), reused with permission
(Elsevier, 4394920302701).

Optical resolution based on near-field optics can reach nanometer level, breaking the
resolution diffraction limit of traditional optics. This will provide powerful tools for many
fields of scientific research, especially the development of nanotechnology. Currently,
near-field scanning optical microscopy (Rao, 2012) and near-field spectrometers based on
loosing field detection have been applied in the fields of physics, biology, chemistry,
materials science and other fields, and the application range is constantly expanding; and
based on near-field optics, other applications, such as nanolithography and ultra-dense
near-field optical storage, nano-optical components, nano-scale particle capture and
manipulation, have also attracted the attention of many scientific scholars.
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Since the 1980s, with the advancement of science and technology to small-scale and
low-dimensional space and the development of scanning probe microscopy, a new type of
interdisciplinary subject, near-field optics, has emerged in the field of optics. Near-field
optics has revolutionized the traditional optical resolution limits. The appearance of a new
type of near-field optical microscope (Peter, 2011) (NSOM—Near-field Scanning Optical
Microscope, or SNOM) has broadened people’s horizons from a half-wavelength scale of
incident light to a few tens of wavelengths. In near-field optical microscopy, the lens in
traditional optical instruments is replaced by tiny optical probes whose aperture is much
smaller than the wavelength of light.
As early as 1928, Synge (Synge, 1928) suggested that ultra-high resolution may be
obtained when incident light is transmitted through a 10nm aperture to a sample with a
distance of 10nm and then scanned in 10 nm steps and the light signal of the micro region
is collected. In this intuitive description, Synge has clearly predicted the main features of
modern near-field optical microscopes.
In 1970, Ash and Nicholls (Ash et al., 1972) applied the near-field concept to achieve
a two-dimensional image with a resolution of /60 in the microwave band (=3cm).
In 1983, the IBM Zurich Research Center (Pohl et al., 1984) succeeded in preparing
nanoscale light holes at the tip of metal-coated quartz crystals. Using the tunnel current as
a feedback for probe and sample spacing, an ultra-high optical resolution image of /20
was obtained.
The push to make near-field optical energy more noticeable started from AT&T Bell's
lab. In 1991, Betzig et al. (Betzig et al., 1991) used optical fiber to make a high-throughcone-shaped conical light hole, and the side vapor-deposited metal film, together with a
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unique shear force probe-sample spacing control method, not only increased the
transmitted photon flux but also increased the resolution with several orders of magnitude,
while providing a stable, reliable method of regulation, which in the end led to the
development of near-field optical microscopy in high-resolution optical observations in
different fields such as biology, chemistry, magneto-optic domains and high-density
information storage devices, and quantum devices.

1.2.2

Surface Enhanced Raman Spectroscopy

When molecules are adsorbed on the surface of some rough metals such as gold, silver
and copper, their Raman signal intensity will be 104 to 107 times higher than the normal
Raman scattering intensity. This special Raman scattering phenomenon is called surface
enhanced Raman scattering effect, abbreviated as SERS.
Surface-enhanced Raman scattering effects were first discovered by Fleischmann et al.
(Fleischmann et al., 1974) in 1974. At the time, when they measured Raman scattering of
pyridine molecules adsorbed on the surface of a rough silver electrode in an
electrochemical process, they found that the Raman scattering signal obtained from the
pyridine molecules was much higher than expected, and unexpectedly obtained a very large
Raman signal. However, they did not realize that this was an enhancement effect, but
simply attributed it to the roughening of the electrode surface, which increased the amount
of adsorbed pyridine molecules. In 1977, Van Duyne and Jeanmaire (Jeannmaire et al.,
1977) repeated the results of Fleischmann's experiments, arguing that this greatly enhanced
effect is a real enhancement due to Raman scattering efficiency. In 1979, Creighton's team
(Albrecht et al., 1977) observed enhanced Raman scattering in pyridine molecules in liquid
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silver and gold sols. When the resonant Raman scattering condition is satisfied, surfaceenhanced resonant Raman scattering (SERRS) occurs which transferred incident light
energy to Raman scattering thus enhanced the Raman signal. Overall SERS and SERRS
can increase the Raman scattering signal (scattering cross section) of a substance by 10 1415

times.
Moreover, SERS can improve the energy transfer between the substrate and the

molecules, and can easily obtain high-quality surface molecular signals, resulting in a leap
in the detection sensitivity and accuracy of the Raman scattering spectrum. As a result,
SERS has been widely used in surface science, analytical sciences and biological sciences
soon after discovery, for the in-depth characterization of various surfaces (interfaces)
(various solid-liquid, solid-gas and solid-solid) structures and provides information at the
molecular level, such as the identification of the bonding of molecules (ions) on the surface,
the orientation of the configuration, and the surface structure of the material.
The principle of SERS is very complex. There have been a variety of theoretical
explanations. There are currently two recognized enhancement factors: electromagnetic
enhancement and chemical enhancement (Shimoji, 2010). Electromagnetic enhancement
plays a decisive role only when the adsorbed molecules are separated from the substrate.
When they come very close, there are obvious chemical enhancement effects. When a
molecule is adsorbed near a nanometer-sized metal medium (here represented by a metal
ball), the received field strength 𝐸𝑀 consists of two parts: one is the incident light field
with a field strength of 𝐸0 ; the other is the field strength is 𝐸𝑠𝑝 , the electric field generated
by the metal ball induced dipole. That is, 𝐸𝑀 = 𝐸0 + 𝐸𝑠𝑝 . Where 𝐸𝑠𝑝 can be represented
as (Shimoji, 2010):
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When the surface plasmon resonance condition is satisfied (𝑅𝑒(𝜀) = −2𝜀0,𝐼𝑚(𝜀)is
small), 𝐸𝑠𝑝 will become very large, and the effective electric field at the molecule will be
stronger than the incident light. Similarly, if surface plasmon resonance occurs between
the Raman scattered light and the metal ball, its electric field will also be enhanced.
Considering the combination of the two factors, the total electromagnetic enhancement
factor can be (Shimoji, 2010):
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SERS technology can not only be used as molecular fingerprint spectrum for material
identification but used to judge molecular orientation and binding force based on surface
selection theory as well. In addition to the high specificity of Raman spectroscopy, SERS
technology has unique features that make it ideal for life science research, especially for
non-marker non-invasive detection at the molecular level.

1.2.3

Tip-Enhanced Raman Spectroscopy

The development of modern science and technology laid the foundation for solving the
difficulty of applying Raman spectroscopy to the detection and characterization of
nanometer-scale material structures. From the above description, it can be seen that by
using the near-field optical method to break through the limit of optical diffraction with the
probe technology, high spatial resolution at the nanometer scale can be obtained, thereby
solving the difficulty of low spatial resolution of the conventional Raman spectroscopy; at
the same time, the weak detection problems of Raman scattering signal can be solved by
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enhancing the Raman scattering signal intensity through local electromagnetic field
enhancement. Therefore, the combination of SPM and SERS can not only provide a nanoscale spatial resolution that breaks the limit of diffraction, but also achieve high detection
sensitivity by enhancing the local Raman scattering of the measured substance, at the same
time, the surface of the sample can be realized. The morphologies correspond to the
material structure information is able to be reflected by Raman spectral imaging.
In 1985, Wessle (Wessel, 1985) first proposed the idea of combining SPM with SERS
to form a high-resolution spectroscopy method. Different from SERS, samples were
prepared on the rough metal surface. In this detection method, the nano-scale metal
structure used to provide electromagnetic field enhancement was brought close to the
sample surface by SPM control. The interaction of the incident light with the metal
nanostructure stimulates the enhancement of the local electromagnetic field such that the
spectral signal is significantly enhanced. Based on the electromagnetic field locality near
the tiny metal particles, this detection method is expected to achieve high spatial resolution
that breaks the diffraction limit. Spectral imaging at nanoscale resolution can be obtained
by controlling the scanning of tiny metal particles on the sample surface.
Until more than a decade later, Sánchez et al. (Sánchez et al., 1999) succeeded in
applying this technique in spectroscopic detection techniques and performed probeenhanced two-photon fluorescence detection. Subsequently, in 2000 Stöckle (Stöckle et al.,
2000), Pettinger (Pettinger et al., 2000), Anderson (Anderson, 2000), and Hayazawa
(Hayazawa et al., 2000) and other groups independently performed experimental
verification of probe-enhanced Raman scattering and formally proposed tip-enhanced
Raman spectroscopy.
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TERS intelligently combines SPM and SERS technologies, using metal/metallized
sharp probes near the sample surface to excite the sample's locally enhanced Raman spectra,
and obtain material structure information with high spatial resolution and high detection
sensitivity (Kumar et al., 2015). The basic principle of TERS is shown in Figure 1.3
(Kumar et al., 2015).

Figure 1.3. Diagram of basic principle of TERS (Kumar et al., 2015), (Springer, Open
Access).

Under appropriate incident light irradiation, a strong local electromagnetic field
enhancement occurs at the tip of the probe due to a combination of local surface plasmon
effect and lightning rod effect and other physical mechanisms. At this point, the probe tip
can be seen as a local nanoscale light source with a very high-power density. Under the
excitation of this light source, the Raman signal of the sample in the nanoscale space
directly below the probe is strongly excited (Kumar et al., 2015). The Raman scattering
signal of the sample interacts with the probe and is again enhanced and scattered to far field
for collection and detection. The point-by-point scanning of the sample surface by the SPM
control probe can obtain the tip enhanced Raman spectroscopy at each point of the sample
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reflecting the structure of the point material. At the same time, SPM can acquire the surface
topography information of the tested sample synchronously during scanning. Therefore,
the corresponding identification of the material structure of the sample surface and the
spatial position of the undulating surface can be achieved. The main advantages of TERS
are (Kumar et al., 2015).:
1. Inheriting the "fingerprint" property of Raman spectroscopy, the sample structure
can be detected without sample marks;
2. High spatial resolution with nanometer scale: high spatial resolution TERS detection
that breaks through the optical diffraction limit is achieved using near-field optical
detection methods, and strong localized electromagnetic field enhancement near the tip of
the probe ensures the detection signal at the same time;
3. The detection sensitivity is high: the local electromagnetic field is significantly
enhanced by the tip of the metal probe, thereby effectively increasing the intensity of the
local Raman scattering signal and obtaining high detection sensitivity of the TERS
detection;
4. At the same time, the material structure distribution information and morphology
information of the surface of the tested sample can be obtained, and the corresponding
spatial identification can be realized;
5. Probe-sample isolation: the near-field distance between the probe and the sample
ensures that the metal probe effectively enhances the Raman signal of the sample and
detects the near-field. At the same time, the probe and the sample are more effectively
isolated from each other, which avoid the damage to the sample caused by the direct contact
of the probe.
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1.3

Review of high resolution temperature measurement
Nanoscience and technology establish its position as the disciplines that study the

composition, characteristics, design methods and applications of nanoscale materials and
structures. With the advancement of science and technology to small-scale and lowdimensional space and the development of scanning probe microscopy, the temperature
measurement under nanoscale become possible as well.
Various new studies have been conducted on sub microscale utilizing methods such as
fluorescent polymers, nanoparticles, organic dyes, scanning probe microscopy and Raman
spectroscopy. These pioneering works ensured a high-resolution temperature probe and
this part will give a concise review about those astonishing results.

1.3.1

Fluorescence-based measurement

1.3.1.1 Nanoparticles
Fiorenzo Vetrone et al. (Vetrone et al., 2010) applied water-dispersible
NaYF4:Er3+,Yb3+ nanoparticles (with mean particle diameter: 18nm) as nanothermometer
based on its thermosensitive fluorescence to detect the temperature of HeLa cancer cells
using pump-probe and confocal fluorescence microscopy experiment. The waterdispersible nanoparticles was fixed on a motorized stage with minimum step length 100nm,
thus achieved the spatial resolution of 100nm. NaYF4:Er3+,Yb3+ nanoparticles are able to
upconverting exciting NIR light to green and red light and since the 2H11/2 and 4S3/2 energy
states are located close to each other according to figure 1.4(a) which results in a thermal
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equilibrium governed by the Boltzmann factor, the temperature sensitivity is achieved as
well. (Vetrone et al., 2010). Thus, the temperature is a function of emission intensities.
𝐼525
𝐼545

= 𝐶𝑒𝑥𝑝(−∆𝐸/𝑘𝑇)

(1.8)

Figure 1.4. (A) Energy level diagram of the Yb3+ and Er3+ ions; (B) Emission intensity of
Er3+ at two different temperature (exc =920 nm); (C) Calibration of ln(I525/I545) with
different temperature (Vetrone et al., 2010).

Figure 1.5 indicates the Schematic of the pump-probe setup used to measure the
temperature profile. It is combined with a heating device, pump beam set as exciting laser
and the probe beam (488 nm Ar laser). In figure 1.5(b), the confocal image of
NaYF4:Er3+,Yb3+ NPs indicates the hot spot introduced by 980nm laser, and meanwhile
the temperature gradient can be observed clearly.
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Figure 1.5. (A)Illustration of experimental apparatus to realize the temperature mapping
using NaYF4:Er3+,Yb3+ NPs (B) Comparison of fluorescence intensity obtained by
confocal fluorescence microscopy and the actual temperature distribution (Vetrone et al.,
2010).

Jui-Ming Yang et al. (Yang et al., 2011) investigated the temperature measurement
within single living cells by utilizing CdSe quantum dots as nano thermometer. The CdSe
quantum dots are delivered by cell labeling kit to the NIH/3T3 cells. In particular, the
photoluminescence spectral shifts of CdSe quantum dots are measured to determine the
temperature in NIH/3T3 cells with spatial resolution around 20nm, which is the size of a
single quantum dot, by using off-line centroid fitting with antibunching photon statistics
taken into account.
The reason to choose CdSe QDs is due to its temperature-sensitive fluorescence
character. When the temperature of CdSe QDs rises, the lattice of CdSe nanocrystals
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becomes dilated and change the electron-lattice interaction as a result causes a red-shifted
emission spectrum in the end. And the nanoscale CdSe QDs size ensures immediate
response to surrounding environment which enables CdSe QDs to conduct transient
thermometry as well.
Figure 1.6 shows the experimental setup and the essential light path for the experiment.
In figure 1.6(b) the experimental observation window slit is indicated which is covered by
CdSe QDs, whose exact position is revealed in figure 1.7. The position and wavelength of
each QD can be determined by detection device.
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Figure 1.6. (a)Experimental outline. (b)A micrograph of cells overlaid with quantum dots
(Yang et al., 2011).

Figure 1.7. Quantum dot position automatically by camera (Yang et al., 2011).
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1.3.1.2 Organic dyes
Kohiki Okabe et al. (Okabe et al., 2012) realized intracellular (COS7 cell) temperature
mapping using a fluorescent polymeric thermometer with spatial resolution of 200nm
which is at the diffraction limited level and temperature resolution of 0.18-0.58℃. The
temperature measurement is achieved by diffuse the fluorescent polymeric thermometer
(FPT) into the COS7 cell which further indicates the intercellular temperature. The
intracellular temperature mapping is realized by utilizing time-correlated single photon
counting (TCSPC) system-based fluorescence lifetime imaging microcopy (FLIM) which
ensured high spatial and temperature resolution.
Figure 1.8 shows the mechanism of FPT as thermometer. When the temperature of FPT
changes, the structure will change as well due to weaken hydration, which resulting the
fluorescence with the release of water molecules. TCSPC-FLIM showed two components
in the ﬂuorescence lifetime of FPT, indicating the hydrogen-bonded and hydrogen bondfree states. Figure 1.8(a) and (b) indicates the chemical structure and functional diagram of
FPT and hydrogen-bonded and hydrogen bond-free states of FPT, figure 1.8(c) shows the
temperature-sensitive emission spectra of FPT. Figure 1.8(d) indicates the fluorescence
intensity response to temperature change of FPT.
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Figure 1.8. (a) Illustration of the chemical structure.of the FPT; (b) Mechanism of
terperature sensitivity of FPT; (c) Fluorescence spectra of FPT in a COS7 cell extract; (d)
Fluorescence intensity of FPT at different temperature in a Cos7 cell extract; (e)
Chemical structure of the control FPT; (f) Fluorescence intensity of control FPT at
different temperature in a COS7 cell; (g) Confocal ﬂuorescence images of FPT in living
Cos7 cells with scale bar of 10µm (Okabe et al., 2012); reused with permission
(SpingerNature, 4394930621330)

Jon S. Donner et al. (Donner et al., 2012) used green fluorescent protein (GFP) as
nanothermometer to map intracellular temperature (in HeLa and U-87 MG cancer cell),
which is achieved by monitoring the fluorescence polarization anisotropy of GFP. The
temperature different resulted in the changes in Brownian rotational motion of fluorophores
thus changed the polarization degree of the green fluorescent protein which made the green
fluorescent protein a suitable thermometer for local temperature mapping. The spatial and
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temperature resolution of 300nm, which is still at the diffraction limited level, and 0.4℃
was achieved.

Figure 1.9. (a) Illustration of the structure of GFP; (b) Calibration of FPA of the green
fluorescent protein at different temperature; (c) SEM image of the gold microdisc which
is utilized to create a hot spot; (d) Temperature mapping of the gold microdisc when
heated by IR laser (Donner et al., 2012).

Figure 1.10. FPA measurements in HeLa cells while changing chamber temperature. (a)
Fluorescence intensity of GFP in HeLa cells; (b) FPA measurement of GFP in HeLa cells
at 23°C; (c) FPA measurement of GFP in HeLa cells at 40°C; (d) Calibration of FPA of
the green fluorescent protein in the HeLa cell at different temperature (Donner et al.,
2012).

1.3.2

Scanning probe microscopy

Fabian Menges et al. (Menges et al., 2016) utilized a scanning thermal microscope to
map the local temperature with 7mK and sub-10nm spatial temperature resolution. The
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scanning thermal microscope (SThM) is developed by combining a temperature sensor on
the cantilever of the AFM or STM tip to realize nanoscale temperature measurement, since
the tip can be precisely controlled by piezoelectric stage which leads to a fine temperature
mapping. The temperature is probed by the sensor fixed at the top end of the tip, which
maintains a constant distance with the sample underneath. Then, with the contact thermal
resistance and the thermal resistance of the cantilever already known, the temperature of
the sample can be obtained by measuring the heat transfer between the sample and the tip.

Figure 1.11. Illustration of the experiment. (a) Schematic of the SThM (b) Schematic of
the sensor (Menges et al., 2016).
1.3.3

Raman spectroscopy

Soo Ho Kim et al. (Kim et al., 2006) used micro-Raman thermometry to measure the
temperature distribution inside the microchannel of a polymerase chain reaction (PCR)
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chip and achieved the spatial resolution of 500nm restricted by the diffraction limit. The
temperature measurement is achieved by collecting the Raman spectra of O-H stretch
vibration modes of water. The intensity of the O-H stretch vibration modes in water has a
linear relation with temperature variation due to the weaken of hydration with temperature
increases.
The micro-Raman spectroscopy system shown in the figure 1.12 consists of a dual
grating monochromator, a notch filter system and a XY stage with objectives. The PCR
chip filled with water is mounted on the XY stage thus the detect position can be changed.

Figure 1.12. Diagram of experimental apparatus of micro-Raman spectroscopy (Kim et
al., 2006).
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Figure 1.13. Results of temperature measurement of the microchannel of PCR chip (Kim
et al., 2006).

1.4

Outline and Objective of this report
In this thesis, temperature distribution on bismuth thin film is studied using TERS

which combined with atomic force microscope (AFM) as the detection method. The aim
of this whole system is to introduce a new method of sub micro scale temperature mapping.
The character of Bismuth thin films will be discussed in Chapter 2. The Raman property
and stability of Bi thin film under Raman will be investigated as well. Moreover, Raman
spectrum of bismuth thin films has a linear relation with absolute temperature due to its
identical lattice structure, which will be calibrated in Chapter 2.
Chapter 3 provides a novel experimental method to realize the temperature mapping on
bismuth thin film using TERS. The instrumentation and alignment will be covered as well.
The important effecting factors to the precious measurement will be detailed. Furthermore,
the results of TERS scan of bismuth thin film will be demonstrated.
Chapter 4 will summarize all the results of this study and will mention the detailed
suggestion of future work.
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CHAPTER 2.

MICRO RAMAN THERMAL MEASUREMENT OF
THIN FILMS

Micro-Raman thermal measurement sets as a non-invasive temperature measurement
method, which here is applied to investigate the feasibility of the application of Bi thin
films to thermometer. In this chapter, the introduction of Bi and the principle and methods
of Raman spectroscopy temperature measurement will be covered. In addition, the results
and phenomenon of Bi thin films under micro Raman measurement will be discussed as
well. This chapter serves as the basic background knowledge for the further TERS scan
based on Bi thin films.

2.1

Introduction of Bismuth thin film
Bi is the 83rd element and belongs to the fifth main element (Rennie, 2016). Bi has

always been considered the one with the largest number of atoms in the stabilizing element.
In fact, Bi has later confirmed to have extremely weak radioactivity, with a half-life of
2×1019 years, almost negligible (Rennie, 2016). The bulk material Bi is a typical
rhombohedral system, and its single unit cell is shown in Figure 2.1 (a) (Timrov et al.,
2012). Each atom has three nearest neighbor atoms of equal distance, and three next-nearest
neighbor atoms. For such crystal structures, a typical feature is the formation of a diatomic
layer structure in a plane perpendicular to the rhombohedral (111) direction.
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Each atom and its three nearest neighbors are bound in a double atomic layer structure,
and the next three neighbors are bound in a nearby double atomic layer structure (Timrov
et al., 2012). Because the atomic bond valence in the layer is saturated, the force in the
layer of the bi-atomic layer structure of Bi(111) is much greater than that between the layers,
so Bi(111) is the dissociation surface and the most stable surface (Hofmann, 2006).

Figure 2.1. (a) A7 rhombohedral unit cell of Bismuth; (b) Brillouin zone with the usual
notation for symmetry points (Timrov et al., 2012).

The bulk material Bi has a series of special properties. First, Bi is a semi-metal, so its
Fermi surface area is very small and the carrier concentration is very low, but its mean free
path and Fermi wavelength are longer than semi-metal (Rennie, 2016). For a long time, Bi
has been considered as one of the best materials for studying the quantum size effect
(Hofmann, 2006). On the other hand, when the thickness of Bi gradually decreases, the
phase change from the semimetal to the semiconductor occurs electrically due to a
confinement effect (Lutskii, 1967; Sandomirskii, 1967). This phase change behavior was
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first proposed theoretically by Soviet scientists Lutskii and Sandormirskii, who believed
that the critical thickness for this phase transition was between 23 nm and 32 nm (Lutskii,
1967; Sandomirskii, 1967). However, different research groups (Hoffman et al., 1993; Chu,
1995) have demonstrated through transport experiments that semi-metal-semiconductor
phase transitions occur at thicknesses of 32 nm or 90 nm in Bi(111) films experimentally,
but there are still different interpretations of these experimental results for these studies. It
is still not enough to conclude that Bi(111) has experienced phase transition (Hoffman et
al., 1993; Chu, 1995). Compared with the special properties of Bi-body materials, the
surface properties of Bi are more complicated. As a semimetal, the interface created by the
destroy of inversion symmetry gives Bi a rich surface state. The surface state of the Bi(111)
surface has been extensively studied since the 1990s, and theoretical calculations and
ARPES experiments have confirmed its existence (Koroteev et al., 2004; Hengsberger et
al., 2003; Ast et al., 2003). Compared to the very low carrier concentration, the surface
area of Bi has very large carrier concentration in the occupied area of Fermi surface. Take
the Bi(111) surface as an example, the carrier concentration can reach 3×1013 cm-2 (Ast et
al., 2002). Because of that the surface of Bi is more metallic and the body is semi-metallic.
At the same time, due to the strong spin-orbit coupling effect of Bi, the surface state of Bi
spin splits, showing a complex surface electron spin structure (Rennie, 2016).
In theory, the band calculation of the bulk Bi using the tight-binding method shows that
it is a typical half-metal (Liu et al., 1995). There are electron and hole energy bands that
cross the Fermi level at 27.2 meV and 10.7 meV at the high symmetry points L and T,
respectively (Figure 2.2(a)(b)) (Liu et al., 1995; Hofmann, 2006). Such a half-metal band
structure makes the state density of Bi near the Fermi level very low (Figure 2.2(c)), and
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the experimentally measured carrier concentration of Bi is only 3 x 1017 cm-3. The effective
mass of electrons is only m*=0.003me.

Figure 2.2. (a) Bulk band structure of Bi from the tight-binding calculation (green line)
and first principle calculation (red line) (Liu et al., 1995); (b) Bulk Brillouin zone of Bi
and a schematic sketch of the Fermi surface (Hofmann, 2006); (c) Calculated bulk
density of states close to the Fermi level (Liu et al., 1995).

The Bi(111) surface is the natural cleavage surface of Bi. The Bi(111) plane (Figure
2.3(b)) has a hexagonal lattice in the plane (a=b=4.54Å) and a minimal repeating structure
in the c axis with a bilayer (c=3.94Å) (Mönig et al., 2005). The atomic interactions in layers
are far stronger than the interactions between layers (Rennie, 2016). The two-dimensional
Brillouin zone corresponding to the Bi(111) surface is a hexagonal shape (Hofmann, 2006).
The energy band has a very small hole pocket at the center point of the Bi(111) Brillouin
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zone, and there is a small electronic pocket at another high symmetry M point (the
conduction band is lower than the Fermi level by about 20 me V) (Mönig et al., 2005). At
the same time, there is a very abundant surface state on the Bi(111) surface. ARPES, SRARPES and theoretical calculations (Koroteev et al., 2004; Hengsberger et al., 2000) has
already confirmed that the surface state on Bi(111) is spin split and the physical origin of
its spin splitting. It is the strong spin-orbit coupling effect of Bi.

Figure 2.3. The bilayer structure of Bi(111) (Mönig et al., 2005).

Early research on Bi was mainly focused on its semi-metallic properties. Since 1928,
Kapitza et al. have discovered that Bi has a high magnetoresistance coefficient (Kapitza,
1928). Then, in 1930, the Dutch physicist de Haas and the former Soviet physics Lev
Shubnikov each discovered the quantum oscillation effect (Shubnikov-De Haas effect) in
the field of Bi's magnetic field transport (Haas et al., 1930; Shubnikov et al., 1930) (Figure
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2.4). (a)). In 1939, quantum oscillation experiments made Bi the first metal to be measured
for Fermi surface (Shoenberg, 1939).

Figure 2.4. (a) The quantum oscillation in Bismuth (Haas et al., 1930); (b) Intrinsic
carrier concentration verse inverse temperature in four Bi films with thicknesses between
20 to 500 nm; (c) The magnetoresistive effect of a 20 μm-thick electrodeposited Bi film
as-deposited polycrystalline/single-crystal film at 5K in the perpendicular (P), transverse
(T), and longitudinal (L) geometries (Yang et al., 1999); (d) Electron Fractionalization in
Bi film under high magnetic field (Behnia et al., 2007).

These findings are all rely on the semi-metallic nature of Bi and the minimal carrier
concentration. Moreover, Bi electrons have a very long mean free path (more than 1mm at
low temperature) and a small effective mass, which in turn makes it have a strong
magnetoresistive effect (Mangez et al., 1976; Yang et al., 1999) (Figure 2.4(c)). In addition,
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quantum mechanics points out that when electrons are confined to a solid with similar
Fermi wavelengths, interference or quantification may occur (Sakurai et al., 1995). Since
the Fermi wavelength of Bi is very long, it is predicted that the quantum size effect can be
achieved in the Bi film (Orgin et al., 1966). At the same time, a strong magnetic field can
make Bi reach the quantum limit and achieve fractional quantization (Behnia et al., 2007)
(Figure 2.4(d)). In addition, there is the strong thermoelectric effect of Bi nanowires
(Dresselhaus et al., 2003), and the possible semi-metal-to-semiconductor phase transition
in low-dimensional Bi (Lutskii, 1965; Sandomirskii, 1967) (Figure 2.4(b)). The complex
splitting surface states (Ast et al., 2001; Ast et al., 2002) have also made 2D Bi thin films
a research hotspot.
In a two-dimensional topological insulator, the strong spin-orbit coupling effect plays
a very key role, and it also guides the direction for continuing to find new topological
insulators (Koroteev et al., 2004). The experimental assumption for the first threedimensional topological insulator was proposed in 2007 by L. Fu and C. Kane (Fu et al.,
2007), who chose Bi as the material. However, bulk Bi is not a topological insulator.
In order to study the quantum size effect of the Bi film and the semi-metalsemiconductor phase transition behavior, attempts have been made to prepare thin Bi films
with as thin a thickness as possible. Then in the 1990s, D.L. Partin et al. and C.A. Hoffman
et al. successfully prepared Bi(111) single crystal films on BaF2 (Partin et al., 1988) and
CdTe (Hoffman et al., 1993), respectively, using the increasingly mature MBE technology.
However, whether choose BaF2 or CdTe as a substrate, when the Bi(111) film is too thin,
the substrate structure will undergo phase change due to the effect of the substrate, and the
single crystal structure of the Bi film will be destroyed (Xiao et al., 2012). Taking BaF2 as
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an example, when the thickness of the Bi film is less than 6 nm, the Bi will not stay single
crystal morphology (Xiao et al., 2012). In 2004, the S. Hasegawa group of the University
of Tokyo in Japan succeeded in preparing a Bi(111) thin film with a thickness as low as 6BL (2.4 nm) using a MBE method on a Si(111) substrate (Nagao, et al., 2004). At the same
time, they (Nagao, et al., 2004) studied the growth kinetics of Bi(111) on Si(111) using
STM and LEED: on Si(111), when the thickness of Bi film is larger than 6BL, Bi can form
very good morphologically uniform double atom. Layer structure of Bi(111) single crystal.
However, when the film thickness is less than 6BL, the Bi film will show a non-single
crystal alloy nanowire with a (110) crystal orientation (Rennie, 2016). The Bi film prepared
on HOPG not only on Si also exhibits the competition state of the (110) crystallographic
alloy ribbon and the (111) crystal to the single crystal, but it is necessary to make it
completely a Bi(111) single crystal thin film. Make the thickness higher than 40nm (Scott
et al., 2005). Therefore, before 2011, the 2.4nm (6BL) Bi(111) film was already a limiting
thickness.
Therefore, we can see that in Bi's study, Bi thin film research is the most important part.
On the one hand, Bi films can be used to study the quantum size effect of Bi and its
semimetal-semiconductor phase transition. As the thickness of the Bi film gradually
decreases, the specific gravity of the surface state electrons in the carrier gradually
increases, together with the spin-cracking of the electrons in the surface state of Bi, due to
those characteristics the Bi thin film is also considered as a high-performance twodimensional spintronics material.
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2.2

The principle and methods of Raman spectroscopy temperature measurement
In Raman scattering, incident photons undergo inelastic scattering with atoms, and

during this process energy is exchanged and thus generate Raman signals. The scattered
light is known as a Stokes shift which is less than the frequency of the original incident
photon, and an anti-Stokes shift which is greater than the incident photon frequency
(Colthup, 2012). Among them, since the number of atoms in the ground state is much
greater than the number of atoms in the excited state, the Stokes scattering intensity is
higher on the contrary the anti-Stokes scattering is weaker (Colthup, 2012). Figure 2.5
shows the Raman spectrum of diamond measured at a temperature of 1000 K using a 488
nm laser (Cui et al., 1998). It can be clearly seen from this figure that the Stokes peak is
higher than the anti-Stokes peak. From the perspective of classical physics, when light is
irradiated to an atom with Raman activity, the electromagnetic field of light will cause the
irradiated substance to generate an oscillating electric dipole, and the electric dipole
moment and the electric field intensity of the incident light are related with its own
polarization (Colthup, 2012). Changes in temperature can cause changes in polarizability,
which in turn affect the generation of Raman signals (Colthup, 2012). This principle allows
temperature detection and heat transfer analysis based on changes in the Raman signal.
There are three main methods for temperature measurement of Raman spectroscopy.
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Figure 2.5. Raman spectra of diamond measured at 1000K. The closed circles are the
experimental data and the lines are the least square fits for the line shape (Cui et al.,
1998).

2.2.1

Raman intensity thermometry

As mentioned before, the generation of Raman signals is caused by inelastic scattering
of photons (Colthup, 2012). At different temperatures, the distribution of atoms in different
excited states is different, so the measured Raman signal intensity varies with temperature
at the same incident light source and acquisition time (Viera et al., 2001). Due to the
difference in the mechanism of Stokes and anti-Stokes scattering, these two types of
scattering tend to have opposite trends with temperature (Colthup, 2012). The Stokes peak
decreases as the temperature rises, and the anti-Stokes peak increases. Therefore, this
characteristic can be used for temperature measurements (Hart et al., 1970). Some
researchers have used the ratio of Stokes and anti-Stokes peaks as the criteria for
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temperature determination (Lo et al., 1980). For silicon materials, for example, the physical
relation is shown in Equation (2.1) (Balkanski et al., 1983):
𝐼𝑆𝑡𝑜𝑐𝑘𝑠
𝐼𝐴𝑛𝑡𝑖−𝑆𝑡𝑜𝑐𝑘𝑠

=

𝛼𝑖 +𝛼𝐴𝑆 𝜔𝑖 −𝜔𝑙 4
ℏ𝜔𝑙
(
)
𝑒𝑥𝑝
(
)
𝛼𝑖 +𝛼𝑆 𝜔𝑖 +𝜔𝑙
𝑘𝑇

(2.1)

Where ħ is the Planck's constant divided by 2π; k is the Boltzmann's constant; T is the
absolute temperature of the sample; 𝛼𝑖 , 𝛼𝑆 , and 𝛼𝐴𝑆 are the absorption rate of material at
the incident light frequency, the Stokes frequency, and the anti-Stokes, respectively. 𝜔𝑙 is
the frequency of the Raman shift; 𝜔𝑖 is the frequency of the incident light. From equation
(2.1), it can be seen that if the intensity ratio of the Stokes peak and the anti-Stokes peak
and the absorption rate of the material are obtained, the temperature of the material can be
calculated. Figure 2.6 shows the relationship between anti-Stokes scattering and Stokes
scattering of silicon crystals with temperature variation, where (a) is the curve of the ratio
of the two as a function of temperature, and (b) shows the change in intensity as a function
of temperature (Hart et al., 1970).
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Figure 2.6. Relationship between temperature and Raman intensity of silicon: (a) Plot of
the ratio of the intensities for the anti-Stokes to Stokes lines as a function of temperature;
(b) first-order Raman spectra of silicon observed at 20, 460, and 770 K with an
instrumental resolution of 2 cm-1 (Hart et al., 1970).

For many commercial Raman spectrometers, the anti-Stokes peak is not within the
effective range due to the limitation of the measurement wavelength range; and the fact
that the anti-Stokes peak the signal is far weaker than the Stokes peak when the sample
temperature is not high enough (for example, below 400°C for silicon) (Colthup, 2012). In
this case, the spectrometer requires a long capture time, furthermore the measurement
result is not accurate enough (Abel, 2005). Therefore, the ratio temperature measurement
method cannot be applied in many cases. Figure 2.6(b) (Hart et al., 1970) shows that the
Stokes peak signal is strong and decreases with increasing temperature, based on this, we
can come to the conclusion that the Stokes peak can be used alone to characterize the
temperature in some situations (Yue et al., 2009; Walrafen et al., 1986).
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2.2.2

Raman Frequency Thermometry

In the process of Raman signal generation, changes in the dipole moment will change
the characteristics of the Raman scattered light (Colthup, 2012). When the temperature
changes, the size of the crystal lattice also changes, which in turn causes the frequency of
the Raman signal to change. For a general material (such as silicon), the x-coordinate
(wavenumber) of the Raman peak shifts toward lower wavenumbers as the temperature
increases (Hart et al., 1970; Balkanski et al., 1983; Richter et al., 1981). Both the Stokes
and anti-Stokes signals will shift. Because the former signal is relatively strong, the Stokes
peak offset is always considered to be a relatively stable and accurate measurement method
(Serrano et al., 2008). The shift of Stokes frequency with temperature is expressed by
equation (2.2) (Balkanski et al., 1983):

𝜔(𝑇) = 𝜔0 + 𝐴 (1 +

2

) + 𝐵 [1 +

ℏ𝜔0
𝑒 2𝑘𝑇 −1

3
ℏ𝜔0
𝑒 3𝑘𝑇 −1

+

3
ℏ𝜔0
(𝑒 3𝑘𝑇 −1)2

]

(2.2)

Among them, 𝜔0 , A and B are related to the material, and ω is the Stokes (Raman)
frequency. Figure 2.7 (Balkanski et al., 1983) shows the Raman frequency of silicon as a
function of temperature variation. For general materials, in a small temperature range, the
change in frequency according to temperature can be seen as linear, such as silicon, which
can be regarded as linear from room temperature to 1000 K (Abel et al., 2007). The
temperature of the material can be determined by equation (2.3) (Serrano et al., 2008):
𝜕Ω −1

𝑇 = 𝑇0 + ( 𝜕𝑇 )

(Ω − Ω0 )

(2.3)

Where Ω0 is the Stokes wave number measured at room temperature T0 and Ω is the
sample wave number at temperature T. Figure 2.7 shows the variation of the wave number
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of the Raman peak of silicon with temperature (Balkanski et al., 1983). J. Serrano et al.
measured the Raman peak temperature coefficient of polysilicon as -0.024 cm-1K-1, thus
the temperature of silicon can be obtained by 𝑇 = 𝑇0 − (Ω − Ω0 )/0.0024 (Serrano et al.,
2008). For different lasers or other types of silicon materials, there will be some differences
in temperature coefficients.

Figure 2.7. Temperature dependence of the line position Ω for the Raman-active LO
mode in silicon (Balkanski et al., 1983).

2.2.3

Raman peak half-width measurement method

In some cases, the mechanical stress of the sample can affect the vibration of the crystal
lattice, which in turn causes the shift of the Raman signal, resulting in a deviation of the
temperature measurement (Colthup, 2012). Since the width of the Raman spectrum peak is
also related to the temperature, it is also a good choice to use the Raman peak width for
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temperature measurement under the condition of relatively large mechanical stress
(Balkanski et al., 1983). The reason that the width of the peak changes with temperature is
due to that the temperature changes the lifetime of the phonons which act as energy transfer
medium during the Raman signal generation. In general, the width of the peak becomes
larger as the temperature increases, and the width of the peak is usually characterized by
full width at half maximum (FWHM). The relationship between the full width at half
maximum and temperature can be expressed by equation (2.4) (Balkanski et al., 1983):

Γ(𝑇) = 𝐶 (1 +

2

) + 𝐷 [1 +

ℏ𝜔0
𝑒 2𝑘𝑇 −1

3
ℏ𝜔0
𝑒 3𝑘𝑇 −1

+

3
ℏ𝜔0
(𝑒 3𝑘𝑇 −1)2

]

(2.4)

Where C and D are the coefficients associated with the material and Γ is the full width
at half maximum of the peak. Figure 2.8 (Balkanski et al., 1983) shows the variation of the
full width at half maximum of silicon with temperature. From this figure, it is very clear
that the variation of the full width at half maximum with temperature range from room
temperature to 800°C can be approximated as linear. However, the disadvantage of this
method is that when the Raman signal is not that strong or the Raman peak is asymmetric,
the measured half-width has a relatively large error and thus affects the result. Therefore,
this method is not commonly used.
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Figure 2.8. Plot of the half-width Γ(T) for the Stokes component of the first-order Raman
line in silicon as a function of temperature (Balkanski et al., 1983).

2.2.4

Selection of Raman temperature measurement methods

The choice of Raman temperature measurement method is based on the quality of the
sample and the experimental conditions. The Raman intensity thermometry method
requires the sample to remain stationary during the experiment; the frequency thermometry
method requires accurate determination of the position of the peak, and therefore the
Raman signal intensity and the accuracy of the Raman spectrometer should be relatively
high; the half width and height temperature measurement method. It is mainly used in
higher temperature range and in the measurement of mechanical stress. When the quality
of the sample is high (less lattice defects) and the laser intensity is sufficiently high, the
measured Raman signal (Stokes peak) is strong, all three methods can be used. If the
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sample shows more obvious thermal expansion, it will affect the laser focus, and in this
case, we can only choose the frequency or half height method. When using the frequency
method for temperature measurement, if the type of sample (preparation method, lattice
structure, etc.) or laser type (wavelength, energy, etc.) changes, the temperature coefficient
of the sample must be recalibrated.

2.3

Experimental apparatus
The objective of this experiment is to investigate the relation between the Raman signal

of Bi thin films and temperature variation under micro-Raman system and further evaluate
if the Bi thin film can be used as an accurate and sensitive thermometer in further TERS
scan. In consideration of the experiment condition which requires precise temperature
standardization, here we choose the Raman frequency thermometry to investigate the Bi
thin films. According to the Raman temperature measurement theory, the size of the crystal
lattice of Bi will change based on different temperature thus causes the frequency of the
Raman signal to change, which in particular will make the wavenumber of the Raman peak
shift. For Bi thin films utilized in this study, the temperature variation range will be in 100
K, among which the Raman peak shift should have an approximately linearly relation with
temperature change, which is what we expect. Based on this special characteristic, it is
theoretically reasonable to set the Bi thin films as thermometer.
The micro Raman thermal measurement setup includes a Horiba LabRAM HR800
Raman Spectrometer, an Olympus BX41 microscope and a Linkam THMS720 temperature
controlled microscope stage system. Among which, the Horiba Raman Spectrometer is
equipped with both 632 nm He-Ne laser (LHP, Melles Griot) and 531 nm diode pumped

49
solid state laser (Ventus, Laser Quantum) which both have adjustable output power. In
addition, the Horiba Raman Spectrometer is combined with an edge filter instead of a notch
filter which gives it a limitation that it is only possible to measure Stokes Raman peaks
instead of Anti-Stokes peaks. Moreover, a ND filter is equipped within the light path in the
Horiba Raman System thus it is feasible to further adjust the laser power shining on the
sample. During the experiment the grating is set to be 1800 g/mm which means the spectral
resolution is 0.27cm-1.
The Linkam thermo stage is able to control the temperature from -196℃ to 600℃ with
the speed up to 150℃/min for heating and up to 100℃/min for cooling and maintains the
accuracy at 0.1℃.

Figure 2.9. Setup of micro-Raman thermal measurement (Luo et al., 2014).
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2.4

Calibration of Bi thin films under micro-Raman thermal measurement.
The calibration of Bi thin films is based on the experimental apparatus mentioned in

the previous section. In order to calibrate the Bi thin film, the temperature of Bi thin films
must be controlled precisely by the thermo stage and the Raman signal of Bi thin films at
each fixed temperature needs to be strong in order to get the accurate Raman peak thus
reduce the introduced error by further curve fitting.
Here, the Bi thin film is provided by Dr. Yixiu Wang in the group of Prof. Wenzhuo
Wu, which are synthesized using a solution system, which makes it relatively easy to
transfer and to control the film density. The illustration of Bi thin films sample is shown in
the Figure 2.10. As we can see from the illustration, the Bi thin films are placed on the
gold-coated sapphire substrate, and the reason to choose sapphire instead of glass as
substrate is simply because of the fact that sapphire has a relatively higher thermal
conductivity than glass, which is from 23-25W/(mK) (depend on the optical axis direction
of sapphire) compared to 0.75 W/(mK) of glass. Based on this key characteristic of
sapphire, the heat dissipation can be minimized largely. Thus the heat will not accumulate
on the Bi thin film with the introduction of Raman laser and TERS scan further, and the
high thermal conductivity of sapphire makes it possible to get better cooling effect in the
TERS scan, which will reduce the influence of metamorphism process during the scan.
This will be detailed in the next section. Similarly, the adoption of gold coating is to
distribute the heat effectively introduced by the incident laser of Raman system thus reduce
the impact of the introduced heat source affect the local temperature while measurement
since gold is a very good conductor and a proper substrate for excite TERS enhancement.
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Figure 2.10. Illustration of Bi thin film and substrate underneath.

The temperature of calibration ranges from -60 to 20℃ with the step length of 5℃
controlled by the thermo stage. During the calibration, the chamber of the thermo stage is
filled with dry nitrogen just to prevent the condensation of water on the Bi thin films which
may affect the laser focusing thus introduce error to the Raman signal. Moreover, in order
to eliminate the temperature error existed between the controlled temperature measured by
the thermocouple of the thermo stage and the exact temperature on the surface of the Bi
thin film, besides the application of sapphire, 5 minutes will be given to let the temperature
stabilize each time change the temperature.
Furthermore, the laser power has been carefully chosen to avoid any damage to the Bi
thin film, and the effect of laser power will be further discussed in the next section. But on
the other hand, the power of the laser must strong enough in order to get strong Raman
signal which in turn minimize the Lorentz fitting error while locating the peak position.
Here, the laser power is chosen to be 124μW on the sample.
Figure 2.11 shows the Raman spectra at different temperatures (218K, 248K and 293K)
with an insert indicating the optical image of the 10nm thick Bi thin film with the scale bar
5μm. The laser power is 124μW on the sample in this case and the exposure time is 20
seconds for the Raman scan. According to the figure, the A1g peak the much stronger than
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Eg peak which indicates that A1g peak will be a better choice for the temperature calibration
and the peak shift can be seen clearly under three different temperature.

Figure 2.11. Raman Spectra of Bi thin film at different temperature (scale bar 5μm).

Figure 2.12 illustrates the Raman peak (A1g peak) of Bi thin film at different
temperature, which is obtained by applying multipeak Lorentz fitting and the fitting error
is shown as the error bar at each point and the linear fitting for all the data point is also
shown in the figure. The A1g peak is picked as the indicator for temperature variation in
this case, and the temperature coefficient is -0.02711cm-1/K after calculation.
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Figure 2.12. Temperature dependence of Raman peak (A1g peak) of the 10nm-thick Bi
thin film at different temperature.

It is clear that the Raman peak shift has a quite good linear relation with the change of
temperature which proves that the Bi thin film can be utilized as thermometer for further
study. Moreover, the results match the principle of Raman frequency thermometry.
To further verify this calibration result, Bi thin films with different thickness (20nm)
has been chosen to conduct the temperature calibration as well. The calibration results for
10nm-thick and 20nm-thick Bi thin film are shown in the Figure 2.13, with the coefficient
of 0.02711cm-1/K and 0.01323 cm-1/K respectively, which indicates an almost 2 times
difference in temperature coefficient under different thickness of Bi thin films. In this case,
it comes to the conclusion that the film thickness will affect the temperature coefficient,
and the coefficient might be slight different for each single Bi thin film. In order to get
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accurate result, the flake used for further TERS scan should be exact the same film during
the calibration process.

Figure 2.13. Temperature dependence of Raman peak (A1g peak): (a) 10nm-thick Bi thin
film at different temperature; (b) 20nm-thick Bi thin film at different temperature.

2.5

Stability of Bi thin film under Raman measurement
This section will discuss the burning or melting problem of Bi thin films found during

the experiment, here we define this problem as metamorphic process. The problem was
first found under the TERS experiment, the detailed principles of TERS will not be
mentioned here, but it will be discussed in simple terms. The basic difference between the
micro-Raman thermal measurement used for calibration and the TERS scan is that the tip
which TERS use will enhance the local electromagnetic field between the tip and the
sample and this will increase the local temperature as well. That is to say, the sample will
experience higher heating effect under TERS scan than under micro-Raman measurement.
Moreover, the TERS scan is usually a mapping scan other than micro-Raman measurement
which is more likely a fixed-point scan.
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2.5.1

Phenomenon of Bi thin film during measurement

The problem we found is that after long-time scan, the intensity of Raman signal of Bi
thin films will decrease, if the scan time lasts several hours there will even no Raman signal
anymore. In addition, the morphology of Bi thin films will change under this case. As
shown in the Figure 2.14, the difference between two figures is the color change happened
on those thin films (20nm and 10nm in thickness), the film with 54nm thickness does not
change the color for entire film but it still indicates the tendency of the color change under
long-time scan, which is the metamorphism process starting from the center of the flake
and gradually spread to the whole film. According to this figure, it can be concluded that
the thickness of the film is also a factor of metamorphism process, which in particular, the
metamorphism process develops much slower as the thickness increases.

Figure 2.14. The optical image of Bi thin films with different thickness (scale bar 5μm)
(a) Before long-time scan all the films shows a grey-white color under the objective; (b)
After long-time scan the same films appears gold.

In order to acquire a brief picture of the metamorphism process, a test experiment has
been conducted. The experiment uses the same setup as the calibration part utilizes, but
instead of changing the temperature of the thin films, the temperature of the test Bi thin
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film is controlled at room temperature and is kept in dry nitrogen environment as well
which eliminates other possible factors. The power of the laser has been set to 200μW,
higher than the power used for calibration, which is used to simulate the condition under
TERS scan. The test experiment is basically a continuous micro-Raman scan at the exact
same point of the Bi thin film, which means the laser is continuously shining on the sample
during the whole experiment, and the aim is to know the way Raman signal changes. The
interval time between each scan is 15 minutes.

Figure 2.15. The phenomenon of blue shift of Raman spectra of Bi thin film under
continuous scan and the insert shows the optical image of the 10nm-thick Bi thin film
(scale bar 5μm).
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According to the figure 2.15, both the A1g and Eg peak experienced blue shift and the
intensity decreased as the heating time increased. And after an hour continuous scan the
Raman peak intensity of the same point on Bi thin film decreased to 10% of the original
Raman intensity at the beginning of the scan. So far, it is obvious that there are two main
factors lead to the metamorphism process, that is either the heat introduced to the Bi thin
films or the exposure of Bi films to laser which caused certain photoinduced reaction. And
the final product of the metamorphism process remains unknown, which may be some
amorphous form, and this will be discussed further in the last chapter. Based on this
hypothesis, since the laser is always required for the scan, no matter micro-Raman or TERS,
and the fact that the metamorphism process will happen as well even though the films are
simply heated without the laser introduced, it is obvious that the only way to minimize the
effect of the metamorphism process is to cool the Bi thin films.

2.5.2

Method to minimize the metamorphism effect

As mentioned before, cooling would be the best way to minimize the metamorphism
effect. Also, reduce the power of the laser should help the cooling method at the same way,
since it will not only cut down the heat introduced but also retard the hypothetical
photoinduced reaction in some way. This section will cover the cooling method applied to
avoid the blue shift and further find out a minimum laser power which will not introduce
the blue shift under micro-Raman system.
The cooling method is based on the thermal stage the same as the one used for
calibration. The temperature is set to be -20℃ in order to simulate the temperature under
further TERS scan (-20℃ is the minimum temperature the cooling stage for TERS scan
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can reach). At this constant temperature, the continuous micro Raman scan will be
conducted. In particular, the continuous scan refers to keeping the Raman laser shining on
the exact same point on Bi thin film and conduct scan every 20 minutes to obtain the Raman
peak. With further curve fitting to find out the relatively safe laser power for the microRaman scan. Actually, there is no concept of minimum laser power here, because no matter
how small the power one uses, the only consequence is just to prolong the metamorphism
effect. And this will be discussed in the next chapter. The following result is based on the
laser power of 103μW on the sample.
The results shown in both the Figure 2.16 and Figure 2.17 have been processed by
multi-curve Lorentz fitting from the raw data. During the four-hour total scanning time, the
A1g Raman peak position almost did not change its position, but at the same time, from
Figure 2.17, the intensity of the Raman peak gradually decreases. Though the decrease in
peak intensity indicated that there is still metamorphism effect, what we only care is the
peak position since it is the peak position that is used to tell the temperature of Bi thin films.
But the large decrease in intensity does have influence on curve fitting error, so the game
here is either further decrease the laser power to prolong scan time but in turn enlarge the
fitting error which affect the accuracy of temperature measurement or increase the laser
power to raise the accuracy but on the other hand reduce the scanning time.
In any case, we can still come to the conclusion that the introduction of cooling does
minimize the metamorphism effect to certain extend.
This conclusion helps explain the reason that the metamorphism process starting from
the center of the films and then spread to the whole area. Although the introduction of gold
coating on sapphire substrate increase the efficiency of heat distribution, there is still heat
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transfer between the film which is not as efficient as the conduction between the film and
the substrate. Thus, leads to the heat accumulating at the center part of the film, which
results the metamorphism effect eventually.

Figure 2.16. Raman peak position and fitting error for each spectra from the same point
on Bi thin film under cooling during multiple scans with an insert showing the optical
image of the 10nm-thick Bi film in which the laser spot indicates the scan point. (scale
bar 10μm)
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Figure 2.17. Variation tendency of Raman peak intensity from the same point on Bi thin
film under cooling during multiple scans and the peak position is obtained using multipeak Lorentz curve fitting.

2.6

Summary
In this chapter, the introduction of Bi and the principle and methods of Raman

spectroscopy temperature measurement have been covered. The micro-Raman thermal
measurement has been utilized as a non-invasive temperature measurement method for the
calibration of the Bi thin film under different temperature. Since the position of the Bi
Raman A1g peak has a linear relation with the temperature fluctuation, which makes is
possible to utilize Bi thin films as thermometer. Moreover, the metamorphism process of
Bi thin films has been found during the micro-Raman measurement, which introduced great
error to the results of the calibration, that is, the Raman peak of Bi experienced blue shift
under long exposure time to the Raman laser. Feasible solution has also been given to the
metamorphism process. Cooling has been confirmed to be the best way to delay the
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metamorphism process, which gives an idea of utilizing cooling method in TERS scan. The
metamorphism process under TERS will be further discussed in the next chapter.

62

CHAPTER 3.

TERS FOR HIGH RESOLUTION TEMPERATURE
MAPPING ON BI THIN FILMS

The most important feature of TERS is that it has both nano-scale topography and
optical resolution and can significantly enhance weak Raman signals from very small
samples in the nano-domain. Thanks to the use of metal-coated probes to enhance local
Raman signals, TERS technology can achieve extremely high detection sensitivity.
In this chapter, the physical phenomena of the local Raman scattering signal which are
significantly enhanced by the metal tip and different illumination methods of TERS system
will be discussed, based on the description and explanation of the TERS enhancement
mechanism.
In addition, the system used for TERS scan in this thesis particularly will be described
in detail, including but not limited to the cooling stage especially made for AFM which is
supposed to cool the Bi thin film thus eliminate the metamorphism process discussed in
chapter 2, illumination method for TERS scan and creating nanoscale hot spot, and optical
alignment.
Moreover, we will analyze the main factors that determine and influence the
enhancement effect and investigate methods and key techniques to improve and optimize
the TERS performance for detection of nanoscale hot spot.
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3.1

The physical mechanism of enhanced electromagnetic field at the needle tip
The physical mechanisms of the enhancement of the local electromagnetic field at a

metal tip include: localized surface plasmon resonance (LSPR) effect (Raether, 1988),
lightning-rod effect (Novotny et al., 1997) and particle-substrate effect (Noguez, 2007).
This section will discuss each of these three physical mechanisms.

3.1.1

Local surface plasmon resonance effect

In TERS, the local electric field enhancement raised by the LSPR effect is due to free
electrons of the probe metal nanostructure undergoing collective oscillation under the
incident light field, which form a local additional electric field and thus enhance the signal
of the light field (Raether, 1988). The LSPR effect is defined as when certain relationship
between the incident optical oscillation frequency and the metal nanostructure is satisfied,
the intensity of electromagnetic field near the nanostructure will be enhanced most
effectively (Raether, 1988). Figure 3.1 shows the principle of LSPR effect in metal
nanoparticles. As illustrated in the figure, the interaction between light and metal
nanostructures can be understood as: the metal nanostructures are applied with an external
electric field when introduce the incident light field (Sevenler et al., 2015). Under the
introduction of the external electric field, free electrons in the metal nanoparticles
experience movement which causes the positive and negative charges separate from each
other. The additional electric field formed by charge separation oscillates at the same
frequency as the external electric field, resulting in a strongly localized and enhanced
electromagnetic field near the metal nanostructure (Schmid et al., 2007).
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Figure 3.1. Schematic diagram of LSPR effect of metal nanoparticles (Sevenler et al.,
2015).

Classical electrodynamic theory can describe the local surface plasmon resonance
phenomenon well (Höppener et al., 2012). In the early 19th century, Mie studied scattering
effects of spherical particles on incident plane waves (Stratton, 2007; Mie, 1908), and
developed corresponding calculation methods. This theory is called Mie scattering theory.
Due to metal nanoparticles with different sizes have their own unique plasmon resonance
absorption peaks, they would have different scattering spectral characteristics (Bohren,
2008). To simplify the theoretical model of the LSPR effect, the metal probe tip is
approximated as a spherical metal nanoparticle and when the particle size is much smaller
than the wavelength of incident light and the skin depth of the metal, it can be regarded as
being in a constant external electric field environment at any instant. Therefore, the system
can be quasi-statically approximated thus the Helmholtz equation can be simplified to the
Laplace equation (Bohren, 2008). Under the incident field 𝐸0 , the metal particles undergo
polarization 𝜇 = α𝐸0 , and thus can be regarded as a dipole, where α is the polarizability of
the particles. Under the quasi-static approximation, neglecting its radiation effect, that is,
the interaction between metal particles with the field formed by itself, the polarizability α
can be expressed as (Bohren, 2008):
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𝜀(𝜔)−𝜀

𝛼(𝜔) = 4𝜋𝜀0 𝑅 3 𝜀(𝜔)+2𝜀0

0

(3.1)

In the formula above, 𝑅 is the radius of the metal particle; 𝜀0 is the dielectric constant
of the surrounding environment; 𝜀 is the equivalent dielectric constant of the metal particle
which a function of the frequency. Where ε is the complex dielectric constant expressed as
𝜀 = 𝜀 ′ + 𝑖𝜀 ′′ .
The scattering field of metal particles can be expressed as (Bohren, 2008):
1 𝜔2

𝐸𝑠 (𝑟, 𝜔) = 𝜀

0

2

⃡(𝑟, 𝑟0 ; 𝜔)𝜇 = 𝑘 2 𝐺
⃡(𝑟, 𝑟0 ; 𝜔)𝜇
𝐺
𝑐2
𝜀
0

(3.2)

⃡ is the dyadic Green's function, 𝑟0 represents the position of the metal particle,
Where 𝐺
and 𝑘 = √𝜀0 𝜔/𝑐 represents the wave vector in the medium. From the definition of the
scattering section, the scattering section 𝜎𝑠 is the ratio of the scattering intensity to the
incident intensity (Bohren, 2008):
𝑘4

𝜎𝑠 = 6𝜋𝜀 2 |𝛼(𝜔)|2
0

(3.3)

Since the polarizability 𝛼 is proportional to the third power of the particle radius, the
scattering cross section is proportional to the sixth power of the radius of the metal particle.
When the denominator on the right side of the equation (3.1) is 0, that is, 𝜀 ′ = −2𝜀0 , 𝜀 ′′ =
0, the local surface plasmon resonance of the dipole occurs. This requires the real part of
the dielectric constant of the particles becomes negative, which means the material of the
particles should be metal. The imaginary part of the dielectric constant determines the
material's absorption of vibration (Jackson, 2012). Within the range of visible light
frequency, gold and silver satisfy the resonance conditions perfectly which makes them
more suitable for metal materials applied to enhance the local electromagnetic field based
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on the LSPR effect. The Drude model considering the dielectric constant of metal particles
is (Jackson, 2012):
𝜔𝑝 2

𝜀(𝜔) = 1 − 𝜔2 +𝑖Γ𝜔

(3.4)

Where 𝜔𝑝 represents the plasmon frequency of the metal, which depends on the
electron density of the metal; Γ is the damping coefficient. If the damping coefficient Γ is
relatively small (Γ ≪ 𝜔), the surface plasmon resonance frequency 𝜔𝑙𝑠𝑝 of the metal
particles can be obtained by the resonance condition:
𝜔𝑙𝑠𝑝 =

𝜔𝑝
√1+𝜀0

(3.5)

The local surface plasmon resonance frequency is closely related to the shape and size
of the metal nanoparticles and the surrounding environment, and it mainly depends on the
dielectric constant of the material (Wang et al., 2007). Therefore, according to the LSPR
effect, the optimal probe metal materials are gold or silver within the visible light frequency
range. Due to the small imaginary part of the dielectric coefficient of silver, theoretically
it can satisfy the resonance conditions better since small imaginary part of the dielectric
constant leads to small dissipation of the electromagnetic field, which is better for exciting
a strong resonance peak, and provide a higher local electromagnetic field enhancement,
thus it is a commonly used probe metal material in TERS (Wang et al., 2007). However,
silver is easily oxidized in the natural environment to weaken or lose the enhancement
performance. Therefore, pure silver or silver-plated TERS probes should generally be
prepared and used according to experimental requirements. Gold has a chemically stable
character and can provide strong local field enhancement within the visible light region as
well, which is also suitable for the metal material of TERS probes (Wang et al., 2007).
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3.1.2

Lightning rod effect

The lightning rod effect is caused by the high concentration of local surface charge
density due to the singularity of the object's appearance (Novotny et al., 1997). Sharp
structures such as pointed probes and steep edges are considered as singular points. Under
the external electromagnetic field of the incident light, the free charge in the metal moves
collectively along the polarization direction of the incident light (Novotny et al., 1997).
Since the charge density inside the metal is 0 at any moment, the charge will transfer and
accumulate on the metal surface. For a metal object with a sharp shape, the surface charge
is constrained by the geometric shape, thus the surface charge density at the singular point
is drastically increased, thereby significantly enhancing the local electromagnetic field near
it (Novotny et al., 1997).
The sharp metal probe tip in the TERS constitutes a singular point. As shown in figure
3.2(a) and (c), when the incident light polarization direction is parallel to the axial direction
of the probe, the surface charge distribution is almost rotationally symmetrical under the
external electric field, and the charge density is highest at the apex of the tip (Meng et al.,
2015). In addition, the thickness of the gold coating on the substrate affects the electric
field enhancement and further influence the spatial resolution as shown in figure 3.2(b) and
(d). This enables a significant enhancement of the local electromagnetic field near the tip
of the tip (Meng et al., 2015). On the contrary, when the polarization direction of the
incident light is perpendicular to the axial direction of the probe, the polarities of the surface
charges distributed on the opposite sides of the probe, along this direction charges have
opposite polarities. Therefore, the accumulation of charge cannot be obtained at the tip of
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the probe, and the effect of local electromagnetic field enhancement cannot be achieved
(Novotny et al., 1997; Larsen et al., 2001).

Figure 3.2. (a) Illustration of the calculation model; (b) Electric field enhancement on
different thickness of the gold coating; (c) The near field distribution of Si at Au AFM tip
on a gold substrate; (d) Spatial resolution at different thickness of the gold coating (Meng
et al., 2015).

The lightning rod effect is a non-resonant enhancement effect that depends on the shape
characteristics of the metal object and the direction of the electric field vibration of the
incident light (Meng et al., 2015). Therefore, in order to obtain an effective local field
enhancement, according to the lightning rod effect, the electric field component in the
excitation light field which parallels to the axial direction of the probe should be maximized,
that is, the longitudinal field component (Larsen et al., 2001).
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3.1.3

Particle-substrate effect

The strong enhancement effect of the metal probes on Raman scattering signals in
TERS is mainly due to the integrated effect of the local surface plasmon resonance effect
and the lightning rod effect (Pettinger et al., 2004). In addition, taking the presence of the
substrate in the actual TERS detection into account, when the tip approaches the vicinity
of the substrate, an additional enhancement of the electromagnetic field at the tip-substrate
gap under the impact the incident light field can be obtained (Pettinger et al., 2004). In
contrast to the circumstance with absence of substrate, when a smooth gold or silver surface
is used as the substrate, the local electric field intensity distribution under the tip is more
strongly localized at the tip-substrate gap, and a significant additional enhancement is
obtained as well (Stadler et al., 2013).
This TERS detection mode is called gap-mode (Pettinger et al., 2004). However,
certain additional enhancements can also be obtained when other metals or media are used
as substrates (Zhang et al., 2009). In 2013, Stadler et al. used STM sterling probes to test
the enhancement of the TERS signal of the bright cresol blue sample on different metal
substrates (gold, silver, copper, titanium, molybdenum, and nickel) using gap-mode
detection (Stadler et al., 2013). It has been experimentally confirmed that the highest
enhanced TERS signal could be acquired when utilizing gold substrate under this
experimental system, followed by the silver-plated substrate at the second place (Stadler et
al., 2013; Noguez, 2007). This shows that the TERS enhancement can be effectively
improved by proper selection of metal substrate. This phenomenon of affecting the electric
field intensity distribution in the local space near the tip due to the mutual coupling between
the needle tip and the substrate can be attributed to the particle-substrate effect of the
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substrate (Noguez, 2007). The tip is simplified to a single metal nanoparticle model, as
shown in Figure 3.3 (Noguez, 2007). The apex of the tip approaches the surface of the
substrate with a small distance is much smaller than the wavelength of the incident light.

Figure 3.3. Schematic diagram of particle-substrate effect: (a and b) Electromagnetic
interaction between the NP and substrate as a function of the separation (Noguez, 2007).

Under the action of the incident light field, the electric field near the apex of the tip is
strongly coupled to the substrate and this can be seen as the formation of a mirror dipole in
the spatially symmetrical position of the substrate (Noguez, 2007). The polarizability of
this mirror dipole can be expressed as (Nocotny et al., 2006):
𝜀 −𝜀

𝛼𝑖𝑚𝑎𝑔 = 𝛼𝛽 = 𝛼 𝜀𝑠 +𝜀0
𝑠

0

(3.6)

Among them, 𝜀𝑠 is the dielectric coefficient of the substrate, that is, the dielectric
constant of the surrounding environment where the mirror dipole is located; 𝜀0 is the
surround permittivity around the metal nanoparticle. The total effective polarizabilities of
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the system when the direction of the incident optical field is vertical to substrate surface is
(Nocotny et al., 2006; Martin et al., 2002):
𝛼𝑒𝑓𝑓 =

𝛼(1+𝛽)
1−

𝛼𝛽
16𝜋(𝑧+𝑅)3

(3.7)

Equation (3.7) shows that when the tip is close to the surface of the substrate, the
effective polarizability of the tip-substrate system is influenced by the permittivity 𝜀𝑠 of
the substrate and the distance between the apex of the tip and the surface of the substrate
under incident light. Therefore, the local field enhancement and spatial distribution in the
vicinity of the tip change as well. In general, the presence of the substrate will provide
additional enhancement to the TERS, and will allow the electric field distribution to be
more localized at the gap between the tip and the substrate, thereby improving spectral
spatial resolution (Nocotny et al., 2006).
In summary, the enhancement mechanism of the TERS signal due to the tip mainly
includes the resonance enhancement generated by the LSPR effect strongly associated with
the excitation wavelength, and the non-resonance enhancement caused by the lightning rod
effect caused by the singularity of the probe shape. In addition, the base mirror effect also
provides a corresponding additional enhancement of the TERS signal. In TERS detection,
the above enhancement mechanisms act simultaneously, and the enhancement factors
commonly used to evaluate the performance of TERS are actually the combined effects of
several mechanisms. Based on the understanding and analysis of the enhancement
mechanism, a technical method for enhancing the enhancement of the local
electromagnetic field may be proposed.
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From the above enhancement mechanism, the factors influencing the TERS
enhancement performance mainly include: the tip material, the geometric parameters and
microstructure of the tip, the excitation light wavelength, the direction and the incident
mode of the excitation vector, and the surrounding medium characteristics.

3.2

Illumination modes of TERS
Depending on the lighting and collecting path, the TERS system can be divided into

two categories: transmission-mode and reflection-mode, as shown in Figure 3.4 (Wang et
al., 2017). The main difference is whether the lighting and collecting light needs to be pass
through the sample. In a single mode TERS system, illumination and collection are
typically achieved by the same objective or parabolic mirror.

Figure 3.4. Schematic diagram of the illumination/collection mode of the TERS system
with different modes and optical path structures. (a) Transmissive illumination/collection
methods based on inverted optical microscopes; (b) Reflective illumination/collection
methods based on long working objective lenses; (c) Reflective illumination/collection
methods based on microscope objectives above the tip; (d) Reflective
illumination/collection method based on parabolic mirrors (Wang et al., 2017).

In transmissive TERS systems (Stöckle et al., 2000; Pettinger et al., 2000), the
illumination and collection path are typically established based on an inverted optical

73
microscope. The laser with polarization state adjusted is aligned to obtain parallel light that
pass through the entrance pupil of the objective lens. Since the excitation and collection
path and the tip are located on the two sides of the sample in the transmissive TERS system,
there are little spatial constraints, so that a high numerical aperture objective with a short
working distance can be used to excite and collect the Raman signal (Stöckle et al., 2000;
Pettinger et al., 2000). The incident light is closely focused at the tip and the sample through
a high numerical aperture objective to excite the near-field local Raman signal. The
backscattered light is simultaneously efficiently collected by the objective lens and
introduced into a Raman spectrometer. Due to the use of a high numerical aperture
objective lens to focus the incident light, the spot size of the focal point is reduced, thus
reducing the background noise of the far-field Raman signal excited in the illumination
region, which is beneficial to improve the signal-to-noise ratio of the TERS detection. In
addition, the high numerical aperture objective lens can effectively collect light scattering
signals in a wider range of space angle and improve the signal collection efficiency
(Pettinger et al., 2000). However, since the illumination and collected light in the
transmissive TERS system needs to pass through the sample, it can only be limited to
samples with good transparency or small thickness. According to the discussion of the
enhancement mechanism in the previous section, the local electromagnetic field
enhancement near the tip is strongly correlated with the electric field direction of the
incident field due to the lightning rod effect. When the direction of the incident light field
electric field is parallel to the axle of the tip, that is, the longitudinal field illumination, the
electric field enhancement effect of the tip can be effectively obtained. The incident
excitation light field is determined by the polarization state of the focusing system and the
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incident light. For the transmissive illumination light path, the optimal condition of the
longitudinal field illumination cannot be obtained when the ordinary linearly polarized
light is incident.
The reflective TERS system does not have to pass the sample for illumination and
collection of the light, and it is theoretically suitable for detecting any sample with a wider
range of probing suitability. The illumination and collection paths commonly used in
reflective TERS systems can be classified to three categories: side illumination and
collecting optical paths based on long working objective lenses (Wang et al., 2007; Mehtani
et al., 2005); up-right illumination and collection light path based on the objective lenses
placed above the tip (Schultz et al., 2009); and illumination and collection light path based
on parabolic mirrors (Sackrow et al., 2008; Steidtner et al., 2008). In the reflective TERS
system, the tip and illumination and collection path are on the same side of the sample, so
there will be large occlusion within the upper space where the SPM of the tip and the tip
lie. In a side illumination TERS system, only long working objective lenses can be used in
the illumination and collection optical path thus components can be slightly away from the
space directly above the sample. The long working distance objective lenses have a small
numerical aperture, usually less than 0.6, which limits the collection efficiency of the
system. In addition, the focal spot in the side illumination is on the surface of the sample
at an oblique angle, and therefore the projection is even larger, that is, the far field
illumination area is huge when compared to the transmissive TERS systems. Moreover,
the far field background noise increases in this case.
However, the side illumination mode is suitable for linearly polarized light incidence,
and the incident light can be focused to form a longitudinal field to effectively excite the
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tip enhancement. For the up-right illumination and collection light paths, the objective lens
is typically integrated inside the scan head and a special curved tip is used to avoid
occlusion of the light path directly with the tip. The microscope objective lenses used in
this case have a high numerical aperture, which leads to the high efficiency of the
illumination and collection. Such systems typically require special design of the SPM
structure and the occlusion effect of the tip within the illumination and collection path
(Steidtner er al., 2007).
In recent years, some researchers have proposed and implemented a parabolic mirrorbased side illumination and collection path that uses a parabolic mirror around the probe
to focus the incident light and collect the scattered signal (Lieb et al., 2001; Steidtner er al.,
2007), which effectively increased the space angle range of the excitation and collection
and efficiency. However, in this case, parabolic mirrors require special design and
manufacturing. In addition, parabolic mirrors need precise position and angle adjustment.
In addition, in such an illumination light path, due to the column-symmetric optical
structure, it is not suitable for utilizing linearly polarized light illumination.
In summary, in order to better utilize the performance of the TERS system and apply
to a wider range of sample detection, the TERS system in this thesis is designed and
constructed based on reflection illumination and collection optical paths using side
illumination.

3.3

Experimental apparatus
The objective of this experiment is to conduct TERS scan on the same Bi thin films

which has been discussed in chapter 2, and thus to investigate the possibility of utilizing
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Bi thin films as sensitive nanoscale thermometer. The TERS system used in this chapter
includes Raman spectrometer (Horiba LabRAM HR800 Raman Spectrometer) and AFM
(Combiscope, AIST-NT).

Figure 3.5. TERS experimental setup illustration.

As shown in the figure 3.5, there are three objectives attached to the AFM system,
among which, the top objective (Mitutoyo, 10x, with NA=0.28) is mounted to a CCD
camera (includes an adjustable backlight) which provides a live optical image during the
scan. The top camera makes is possible to locate the tip right above the targeted Bi thin
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film before landing the tip onto the substrate and to help the alignment for side illumination
and bottom illumination.
The laser from Raman spectrometer is guided into AFM through a light path and a
piezo stage which combined with a Mitutoyo 50x long working distance objective with
NA=0.42. The piezo stage is used for side illumination adjustment of TERS which will be
detailed later in next session. Besides the laser from the Raman spectrometer, another
633nm laser is also introduced from the LASER passing through the bottom of the AFM
stage. This laser is used to heat the bow-tie aperture thus create a nanoscale heat spot.
The bottom 10x objective (Swift, with NA=0.25) is mounted to a 3-axle manual stage.
Thus, the 633nm laser (ThorLabs, HNL150L, HeNe laser, with maximum output power
15mW) coming from the bottom can be aligned to focus onto the bowtie area on the
substrate with the help of the objective and the manual stage.
A special sample holder for the AFM is needed in this experiment. On the one hand,
from the last chapter, we have already known that the most effective way to eliminate the
metamorphism process is to cool the Bi thin film. In consideration of the fact that the large
size and heavy weight of the Linkam thermal stage makes it impossible to be placed onto
the AFM stage. Thus, in order to cool the Bi thin films on the substrate, we need to attach
the cooling device directly to the substrate and leave the light path for the bottom laser. On
the other hand, however, the original sample holder for the AFM has a curved surface at
its bottom side, which makes it infeasible to place any other cooling device with flat surface.
Therefore, a special sample holder must be made to conduct the TERS scan with sample
cooling.
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Figure 3.6. Rendered image of the sample holder, the thermoelectrical cooler and heat
sink.

In regard to the cooling method, the Linkam thermal stage utilizes liquid nitrogen to
achieve the low temperature. But if we take the vibration of the liquid nitrogen (LN) pump
into consideration, the same method is infeasible in this situation, since any introduced
vibration will largely affect the performance of the AFM. Taking all these in to account,
we decided to apply thermoelectrical cooler to realize the cooling.
A semiconductor cooler, also called a thermoelectric cooler, is basically a heat pump.
It has the advantage of high reliability, no sliding parts, no refrigerant contamination and
it can be used in applications where space is limited. Based on the Peltier effect of the
semiconductor material, when a current is passed through a pair of thermocouple pairs in
which an N-type and a P-type semiconductor material are connected, heat transfer will
occur between the two ends, thereby generating a temperature difference to form a hot and
a cold heat end. However, the semiconductor itself has a resistance that generates heat
when current passes through the semiconductor, which affects heat transfer (Ioffe et al.,
1959). Moreover, the heat between the two plates is also reversed by the air and the

79
semiconductor material itself. When the hot and cold end reaches a certain temperature
difference, an equilibrium state is reached, and the reverse heat transfer cancels each other.
At this time, the temperature of the hot and cold end will not continue to change. In order
to achieve a lower temperature, it is possible to reduce the temperature of the hot end by
means of heat dissipation.
The thermoelectrical cooler here is Marlow DT12-4-01, and it can generate maximum
temperature difference around 74℃ with the hot side at 50℃, in this case, the maximum
voltage and current between the anode and cathode of the thermoelectrical cooler is 16.4Vdc
and 3.7A respectively. Therefore, we need a DC power supply to actuate the
thermoelectrical cooler. Elenco Precision XP-581 DC power supply is chosen in this case,
with a variable output voltage from 2 to 20Vdc and the maximum current is 3A, which is
sufficient for our needs.
Due to the fact that the AFM holder sits on a piezo stage which controls the distance
between the AFM tip and sample and the maximum load of piezo stage is 450g (according
to the engineer from AIST-NT), thus it is better to use aluminum alloy as the basic material
for all the parts placed on the piezo stage including sample holder and heat sink because
aluminum alloy has relatively low density and it is easy to machine.
The figure of the cooling stage is shown below. The material of this C-shaped sample
holder is 6061 Aluminum alloy and is CNC machined. The C shape makes it possible to
adjust the position of the thermoelectrical cooler and the heat sink for better cooling effect.
As shown in the figure, the sample holder, the thermoelectrical cooler and heat sink
combine as a whole part which is placed on the piezo stage of the AFM.
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In this experiment, the aluminum heat sink, other than a copper heat sink due to the
lower density of aluminum than copper, is utilized to dissipate the extra amount of heat
generated on the hot end thus the cold side is able to reach even lower temperature.
According to the figure 3.7, the heat sink is cut in order to let the objective pass through,
and the through-hole is the place where the substrate will be suspended at.
As shown in the figure 3.7, the thermoelectrical cooler (white chip in the figure) is
attached to the heat sink below, and the heat sink is attached to the sample holder at the
pocket underneath. The cold side of thermoelectrical cooler is facing upward. The gap
between the thermoelectrical cooler and the heat sink is filled with a thin layer of thermal
paste for increasing the thermal conductivity between the TE cooler and the heat sink.

Figure 3.7. Overview of the cooling stage for the AFM (a) The through-hole at the side of
the heat sink; (b) The thermoelectrical cooler fully sits on top of the heat sink.

However, the passive cooling for the hot side alone is not enough. To get the best
cooling effect for the hot side, we introduced a nitrogen flow to perform as forced flow to
get active cooling for the heat sink. Since the substrate will be cooled down to temperature
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below zero, the water vapor will condense on the substrate. Thus, we introduced another
dry cold nitrogen flow at the side of the substrate. The purpose of the introduction of this
nitrogen flow is to create a thin laminar layer above the substrate and sample to avoid vapor
condensation. The reason we need cold nitrogen flow is to eliminate the influence on
substrate cooling to the minimum extend.

3.4

TERS experiment setup
In the previous section, a brief introduction has been given about all the experimental

apparatus. This part will be more detailed including the sample preparation, AFM setup,
side and bottom illumination setup and the optical alignment regarding TERS scan and
bowtie heating.

3.4.1

AFM setup

As mentioned in the previous section, the AFM is composed of the AFM (Combiscope,
AIST-NT) with ATEC-CONTAu contact mode tip (NANOSENSORS) loaded on the tip
holder of the AFM head, cooling stage, piezo stage and 50x long working distance
objective for side illumination, 10x long working distance objective with CCD camera for
getting optical view from the top and 10x objective mounted on the 3-axle manual stage
for bowtie heating.
The tip here is ATEC-CONTAu contact mode tip, and the SEM image is shown below.
The tip is made of Si with Cr and Au coating with thickness of 5nm and 65nm respectively.
In addition, according to the figure, the tip end has an angled tetrahedral geometry. These
two factors make the tip suitable for the TERS scan, since the gold coating is required for
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TERS enhancement and the geometry enables the Raman laser to locate the tip from the
side, thus make the side illumination feasible here.

Figure 3.8. The SEM image of ATEC-CONTAu contact mode tip (a) side view of the tip
end; (b) front side view of the tip end and cantilever; (c) the side view of the tip end and
cantilever.

The system is equipped with two nitrogen flow pipelines as well, one of which is
mounted at the side of, right beneath the 50x long working distance objective, the AFM
head, and the other one is secured at the lower frame of the AFM, below the heat sink. The
side pipeline flows cold and dry nitrogen which is made to avoid the water condensation
during the scan, and the flow rate must set at the minimum value to prevent causing the
vibration of the AFM tip which will introduce random error to the tip height sensor (optical
lever) in the AFM system and this will eventually cause the system to send the order to
reset the position of the tip. During the experiment, the tip will change its position from
landing position back to the position with around 0.5μm above the landing position and
TERS scan can not be conducted under this circumstance. The bottom pipeline carries the
dry nitrogen flow with 20℃, however, this flow rate does not have to be low, since the
pipeline is secured at a solid frame and the introduction of the flow underneath can be
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considered as a constant force applied to the cooling stage, which will not cause any other
vibration to the system.
The cooling stage is further modified when loading the sample. Since the substrate is
suspended partly out of the thermoelectrical cooler, the cooling effect will be affected. In
order to get better cooling effect, a 0.8mm thick copper sheet will be placed between the
gap of the thermoelectrical cooler and the substrate. The copper sheet is meant to increase
the cooling efficiency of the thermoelectrical cooler and increase the contact area between
the TE cooler and the substrate indirectly. With the help of the copper sheet, it will be a lot
better than just to suspend the substrate out of the TE cooler with only air underneath. As
the figure shows, the copper sheet is C-shaped, and the groove at the edge of the copper
sheet is made to let the objective get access to the bottom of the substrate thus manage to
focus the laser at the surface of the substrate. Similarly, thermal paste is applied to the gap
between the TE cooler, the copper sheet and the substrate in order to improve the thermal
conductivity in each gap. Based on the test by utilizing sheet thermocouple between the
copper sheet and the substrate, and the IR temperature measuring gun, the lowest
temperature of the substrate surface is -12.5℃ with the voltage between the TE cooler at
14V. Compared to the substrate surface temperature of 2.5℃ without the copper sheet
when the voltage between the TE cooler is the same at 14V.
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Figure 3.9. Rendered picture of front view of the cooling stage with copper sheet on the
top.

The sample loading here is slightly different from the normal AFM sample holder.
Since there is no clamp for the cooling stage, the free move of the substrate in this case is
restricted by the viscidity of thermal paste. This is reasonable since the only external forces
that will cause the substrate to move at horizontal level is the viscous drag force from the
side nitrogen flow, which is relatively negligible when compared to the resistance from the
thermal paste.

3.4.2

Raman setup

The Raman setup is slightly different from the one used for calibration. During the
calibration experiment, the Raman laser shines directly through the attached Olympus
microscope onto the stage combined with the microscope. In this case, TERS scan needs
the AFM and the Raman system to work together, and the Raman laser should be guided
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to the AFM setup. Nicely, the Horiba LabRAM HR800 Raman Spectrometer is designed
to have the function to extract the laser out of the system by a switchable mirror frame so
that the sample stage will not be limited to the one attached with the Raman system. In
addition, the Raman software (LabSpec) has data link with the AFM software (AIST-NT),
and this allows data communication between the Raman system and the AFM system.

3.4.3

Sample preparation

The Bi thin film is the same as the one used for calibration, which is provided by PhD
student Yixiu Wang in Prof. Wenzhuo Wu’s group.
The substrate is made of sapphire and is cut to 25mm×25mm square by silicon wafer
cutting machine and the substrate is coated with and 60nm gold using electron beam
evaporator by Shouyuan Huang. The reason to utilize sapphire is due to its high thermal
conductivity which is benefit to the cooling. Here, the gold coating is essential, as
mentioned in the previous section, the metallic substrate makes the enhanced electric field
more confined to the near field.
In order to create nanoscale hot spot, the bowtie aperture has been made in the gold
coating on the substrate using the focused ion beam (FEI Nova 200 dual-beam FIB) by
Anurup Datta. The designed dimension is a=b=300nm, s=d=30nm.
Bowtie apertures act as nanoscale optical antenna, which is also called a near-field
transducer (NFT), to locally heat a sub-diffraction-limited region under radiation of laser
with certain wavelength and polarization (Venuthurumilli et al., 2018). Xu, et al.,
investigated the temperature distribution for the peak temperature node for bowtie
apertures made in gold and silver films respectively (Xu, et al., 2016). The illumination
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laser is 633nm HeNe laser with the power of 40mW. The dimension of the bowtie aperture
is fixed at a=b=400nm with gap s=d=20nm. As shown in the figure, the temperature
distribution reached a steady state after 1ns and the highest temperature occurred at gap
(the tip of the bowtie aperture) which is due to the field enhancement distribution (Xu, et
al., 2016).

Figure 3.10. The illustration of the dimension of the bowtie aperture NFT

Figure 3.11. Temperature distributions in the NFT for gold and silver bowtie apertures.
The spatial distributions are calculated as 1ns.
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Figure shows the SEM image of the bowtie aperture we used in the TERS scan, which
indicates the dimension of the bowtie aperture. The illumination laser applied is 633nm
HeNe laser as well, with adjustable laser power by utilizing a vari-ND.

Figure 3.12. SEM image of the fabricated bowtie aperture array

Finally, the Bi thin films are placed on the substrate by scooping from solution where
contains the Bi thin films, and the Bi thin films should be located on top of the bowtie
aperture as shown in the figure, thus the Bi thin film can be applied as a nanoscale
thermometer to further detect the nanoscale hot spot.
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Figure 3.13. Bi thin film on bowtie aperture, the red square indicates the bowtie aperture
array (scale bar: 5μm).

3.4.4

Optical alignment

The optical alignment for the TERS scan includes two parts, one is the alignment for
the side illumination for the TERS scan, that is, to align the Raman laser properly onto the
gap between the apex of the AFM tip and the substrate after the tip has landed, and another
one is the alignment for the illumination laser for the bowtie aperture from the bottom of
the AFM stage. This part will give a detailed explanation for both alignment methods.

3.4.4.1 Side illumination for TERS scan
The proper and accurate alignment of the Raman laser plays an important role in the
enhancement performance of the TERS system. By utilizing the side illumination for the
TERS scan, the AFM tip an illumination/collection path are on the same side of the sample,
so the SPM of the AFM tip and the tip itself are most likely to occlude the Raman laser
from the upper space if they are not aligned properly.
As shown in the figure 3.14, the side illumination alignment is achieved by the 3-axle
piezo stage and a long working distance 50x objective. The 3-axle piezo stage is mounted
on a 3-axle manual stage. The manual stage can move in x and y axle in order to adjust the
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position of the laser focal point and the z-axle is separated from the previous xy-axle which
is used to focus the laser appropriate on the sample. In this case, the manual stage is to
conduct coarse alignment and the piezo stage is to realize fine alignment with the help of
Raman spectrometer.

Figure 3.14. Illustration of side illumination setup for TERS.

Because the illumination and collection light path are the same in this situation, the
alignment of the illumination and collection is in the first place. The alignment is to make
the illumination and collection light coincide, thus a mirror with pinhole is used here to
create a collection light. In order to align the coming laser and reflection laser to the exact
same path, a flat mirror with pinhole at the center which attached to the piezo stage is
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applied to ensure the laser is shining perpendicularly onto the center of the light path and
it will be removed once the alignment is done.
Then, with the tip landed onto the sample, we re-mount the long working distance 50x
objective to the piezo stage and roughly focus the Raman laser at the apex of the AFM tip
with the help of CCD camera on the top. Then move the CCD camera to the side of the
light path and attach a light source (torch light is enough) on top of the AFM tip to get a
side view of the relation between the AFM tip and the Raman laser which is shown in the
figure below. According to the figure, with the external light source, the tip and its shadow
can be seen clearly. With the tip landed onto the sample, the tip and its shadow should
coincide at the tip apex, which is an important reference for the alignment. Since the tip
and substrate are both covered with gold coating which provides a well reflection surface,
if the laser is shining on the place other than the gap between the tip apex and the sample,
the laser spot and its image on the substrate can be clearly identified from the side view
through CCD camera.
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Shadow
Tip

Figure 3.15. Image of side view of AFM tip and Raman laser spot, which indicates a
good alignment. The red spot indicates the Raman laser spot. The AFM tip and its
shadow can be identified clearly.

After the coarse alignment, the CCD camera is relocated on the top of the AFM system
with the backlight switched-off since it will introduce background noise to the Raman
spectrum later when conducting the Raman scan. The fine alignment requires the 3-axle
piezo stage and Raman spectrometer. The idea of the fine alignment is to use Raman signal
mapping for the Si signal of the tip thus to get the precise location of the tip and to relocate
the focal point of the Raman laser with the assistance of piezo stage. The Raman signal
mapping is achieved by AFM software controlling the position of the piezo stage while the
Raman spectrometer collecting the 520.2±0.5 cm-1 Si signal from the tip at the same time.
The mapping image is shown in the figure 3.16, the step length is 0.5μm and the number
of scale bar refers to the integration of the peak area. The tip end can be identified easily
based on the mapping of Raman spectrum and as we can see, there is a mirror image of the
tip on the right, which is due to the strong reflection of the gold coated substrate. The red
cross in the figure indicates the optimal location of the focal point of Raman laser, since it
is the place where the axis of symmetry is.
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Figure 3.16. The spectral mapping image of 520.2±0.5 cm-1 Si signal from AFM tip, and
the number of scale bar refers to the integration of the peak area. The dimension of each
pixel is 0.5μm×0.5μm. The red cross indicates the proper focal point for the Raman laser.

However, in order to get the best enhancement effect from TERS, the focal point needs to
be further adjust, which will be discussed later.

3.4.4.2 Bottom illumination for bowtie aperture
The alignment for bottom illumination is similar to the coarse alignment for the side
illumination. The difference between the side illumination and the bottom illumination is
that the bottom illumination light path does not include collection light path and thus the
precision of the alignment is not at the same level. In figure 3.17, the 10x objective at the
bottom is mounted on a 3-axle manual stage, which is used to adjust the position of the
focal point of the bottom illumination laser.
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Figure 3.17. Illustration of bottom illumination setup for bowtie aperture.

Although there is no collection light path at the bottom, we still need to align the light
path to be vertical to the AFM stage so that the laser will shining at the center of the aperture
of the objective perpendicularly during the alignment. Here, we utilize the same flat mirror
with pin hole at the center to get the light path aligned.
With the tip landed, operate the manual stage to focus the illumination laser to the tip
apex roughly. This process does not have to be precise since the laser spot created by the
10x objective will be around 2μm in diameter. This alignment is merely let the laser spot
cover the tip end.
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3.5

Results and discussion
This part will discuss the results from TERS scan and the important factors affecting

measurement. A brief conclusion about the enhancement effect of the homemade TERS
system will be given to show the feasibility of the system for further scan. As mentioned
before, the optical alignment is a rough alignment, that is to say, the enhancement
performance will be affect by the alignment issue, and this will be discussed as well. In
chapter 2, the conclusion has been made that cooling does minimize the metamorphism
effect to certain extend, but it does not eliminate the metamorphism effect. The cooling
method merely extend the scan time, in other words, as the scan time prolonged to hours
level since the TERS scan is basically Raman signal mapping that means it will take
relatively longer time to conduct the scan. In this case, most likely the metamorphism effect
will still occur due to the lowest temperature the cooling stage can provide on the substrate
is -12.5℃, which is higher than the test temperature (-20℃) in chapter 2, and the
metamorphism effect did appear after long time scan conducted. The metamorphism effect
under TERS scan will be probed together with various factors which affect the
metamorphism effect including the affecting region and relation between the
metamorphism effect and laser power on the sample. The optimal laser power for TERS
scan will be given as well. The resolution test of the homemade TERS system is conducted
to give a brief idea of the performance of the TERS system which also sets the precondition
for the temperature mapping of nanoscale hot spot.
At last, the results of temperature mapping using TERS for the nanoscale hot spot will
be illustrated.
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3.5.1

Enhancement under TERS for Bi thin films

The enhancement test is conducted under the TERS setup mention in previous section.
The TERS signal is obtained by conducting scan with the AFM tip landing on the sample,
and the micro-Raman signal is acquired by scanning at the exact same point with the tip
removed out of the laser spot region. As the insert in the figure shows, the red square
indicates the scan point of the 10nm-thick Bi thin film and the scale bar is 10μm. The height
information from AFM scan is also illustrated in figure 3.18.

Figure 3.18. (a) The image of Raman spectra of Bi thin film showing the TERS
enhancement. The red line represents the TERS signal and the blue line indicates the
Raman signal without the AFM tip at the same point. (b) The AFM height image of the
10nm-thick Bi thin film with scale bar of 10μm. The height information of the red line is
shown in the plot.

The Raman signal shown in the figure has already been multi peak Lorentz fitted, so
that the demonstration of enhancement is much clearer. The laser power here is 126μW on
the sample, and according to the figure, there is distinct enhancement between the TERS
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scan and the scan without tip. The intensity of A1g peak of the Bi thin film under two scans
are 40.2a.u. and 329.6a.u., which is 8.2 times enhancement, and if subtracting the
background from the peak intensity to get relative height of the Raman signal under these
two scans, we can conclude that the Raman signal has been enhanced by 12.7 times, which
is relatively significant.
However, a slight peak shift can be seen in both the Eg peak and A1g peak. Due to the
laser power is relatively high for the scan, there is possibility that the metamorphism effect
has already happened.

3.5.2

Factors affecting the metamorphism effect under TERS

The metamorphism effect is observed under TERS with cooling stage as well. Due to
the fact that the AFM tip confines the EM field at the tip end during TERS scan, the
metamorphism effect is supposed to be stronger than the effect under micro-Raman. Thus,
in order to minimize the impact of the metamorphism effect on the results of TERS scan,
factors that affect the metamorphism effect should be investigated.
Apparently, laser power introduced play an important role in the metamorphism effect.
The figure shows the A1g peak shift under different laser power on the tip. The insert
indicates the 10nm-thick Bi thin film and the red square represents the scan point. The
height information from AFM scan is also illustrated in figure, the white arrow in the insert
picture refers to the direction and data points shown in the height figure.
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Figure 3.19. (a) The A1g Raman peak shift after 60 minutes TERS scan under different
Raman laser power on the sample. (b) The AFM height image of the 10nm-thick Bi thin
film with scale bar of 5μm and the height information at the boundary of the thin film is
demonstrated as well.

Each data refers to the peak position difference between two measurements with tip in
both situations. The peak position of scan is acquired by multi-peak Lorentz fitting to raw
data and the fitting error is shown with the error bar in the figure. During the scan, the laser
continuously shines on the sample for 60 minutes. This is equivalent to 60-minutes
continuous scan. For the all 8 different laser power we choose, the scan is conducted at 8
different places on the same Bi thin film far away from each other (more than 5μm) to
eliminate the error introduced by previous scan.
The results are obvious that with the laser power increases the peak shift becomes larger
as well. This comes to the qualitative conclusion that with lower laser power introduced,
the longer scan time can be achieved. Moreover, large error curve fitting can be witnessed
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when under relative low laser power, which will introduce uncertainty to further
temperature measurement thus affect the accuracy of the thermometer.
Nevertheless, the TERS scan is not continuous scan at the same point but is a mapping
scan for the Raman signal. That is to say, the laser spot is not shining on the same place
throughout the scan, and if the sphere of influence of the metamorphism effect is
determined, the scan time can be even prolonged under same laser power.
Figure 3.20 shows the test of influence area of the metamorphism effect. The TERS
measurement is conducted under the same laser power on the sample of 14.3μW, and all
the peak position data are acquired after utilizing multi-peak Lorentz fitting to the raw data.
The first 5 measurements are TERS measurement at the same location, which means the
laser keeps shining on the tip throughout the TERS measurement. For the TERS
measurement, the time interval between each scan is 10 minutes, that means the laser
shining on the tip for 10 minutes with the collection of TERS spectrum only at the
beginning and the end of the 10minutes. The metamorphism effect can still be identified
during the continuous, that is, the Raman signal shows blue shift. The last 4 measurements
are performed at 4 different points with varying distance from the point where the
continuous TERS measurement conducted of 100nm, 1μm, 2μm and 5μm respectively.
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Figure 3.20. A1g peak position of Bi thin film for influence area of the metamorphism
effect test. The laser power is 14.3μW on the sample. The first 5 scans are continuous
scan at the same location and the last 4 scans are performed at 4 different points with
varying distance from the point where the continuous scan conducted of 100nm, 1μm,
2μm and 5μm respectively.

According to the figure, the metamorphism effect still existed within a radius of 1μm,
but disappeared out of the radius of 2μm. Based on the data shown in the figure, we can
roughly defined the radius of influence area of the metamorphism effect as 2μm which
provided a guiding rule to design the long time scan by control the step length and the laser
power introduced on the sample with minimum metamorphism effect.

3.5.3

Relation between alignment and enhancement effect

In order to locate the AFM tip in a precise way, as discussed in the previous section,
the side objective scan has been conducted to map the 520.2±0.5cm-1 Si signal from AFM
tip. However, the precision is limited by the scanning resolution or in other words, by the
dimension of the pixel. More precise objective scan is required for the proper alignment to
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get the best enhancement effect. Different locations of focal point have a great influence
on the enhancement effect as well.
In this section, the relation between optical alignment, or in other words, the focal point
locations and the TERS enhancement performance will be investigated.
AS shown in the figure 3.21, the spectral mapping of 520.2±0.5cm-1 Si signal provides
the rough location of the AFM tip. The coordinate system has been established within this
mapping image at the tip end, since in order to get the TERS enhancement, the focal point
should be at the apex of the tip to excite the EM field of the sample.

Figure 3.21. The spectral mapping image of 520.2±0.5cm-1 Si signal from AFM tip, and
the number of scale bar refers to the integration of the peak area. The dimension of each
pixel is 0.5μm×0.5μm. The x and y coordinate axis in the figure set as a reference for the
further enhancement effect study and both axes are perpendicular to the laser propagation
direction.

For each focal point location, Raman signal from Bi thin film will be collected at
different point twice. One for the TERS scan, and the other one for the scan without the
AFM tip. And the reason to choose different location on Bi thin film is to eliminate the
metamorphism effect. The enhancement ratio then is calculated by compared the A1g peak
intensity of two scans. The contour plot in figure 3.22 properly shows the relation of TERS
enhancement performance with different locations of focal point around the tip apex.

101

Figure 3.22. Contour plot for enhancement effect at different focal point locations of the
Raman laser. The scale bar indicates the enhancement ratio from 3.22 to 8.7.

As shown in the figure 3.21 and figure 3.22, the tip is roughly at the point (0.9 0.9),
and the difference between the maximum and minimum enhancement ratio is quite large,
that is, from 8.7 to 3.22. The best enhancement effect can be obtained when the focal point
is at Y-axis negative direction of the AFM tip according to figure 3.14.

3.5.4

Spatial resolution of TERS scan

The spatial resolution of the homemade TERS system in this study is tested by scanning
the boundary of a 10nm-thick Bi film and get the spatial resolution by comparing the actual
boundary with the intensity of TERS signal from Bi. Since the height data obtained by
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AFM has large fluctuations, and according to the growth mechanism of the Bi thin films
used in this study, the edge of the films should be sharp at atomic level. Here, we assume
the edge of the Bi thin film is high quality, that is, the height of the edge in comparison is
binary, either 10nm or 0nm. This hypothesis sets the ideal data for the boundary of the Bi
thin film, and when compared to the TERS signal, the spatial resolution can be obtained.
As shown in the figure 3.23, the insert AFM height image indicates the 10nm-thick Bi
film with the scale bar of 5μm. Within the insert figure, the white arrow refers to the scan
path of the spatial resolution test. The height information for the scan path is demonstrated
in the insert graph as well. The step length of the scan is 10nm and the intensity of TERS
signal is acquired by multi-curve Lorentz fitting.

Figure 3.23. (a)The relation between TERS signal of A1g peak intensity along the scan
line and the actual boundary of the 10nm-thick Bi thin film. The scan route of the
boundary is shown as blue straight line in (b); (b)The AFM image of the 10nm-thick Bi
film with scale bar of 5μm and the height information of the red line.
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Based on the figure 3.23, if define the point whose TERS signal intensity is 90% and
10% of the maximum signal difference as the indication of is there is Bi underneath the tip
respectively. The spatial resolution can be roughly calculated as 50nm.
Either method indicates the spatial resolution of this homemade TERS system has
already surpass the diffraction limit, and this TERS system is suitable for the detecting tool
to find the nanoscale hot spot in further study.

3.5.5

Temperature mapping for nanoscale hot spot created by bowtie aperture.

All the conclusions obtained so far have proved that the Bi thin films combined with
the homemade TERS system can be utilized as nanoscale thermometer. In order to identify
the nanoscale hotspot created by the bowtie aperture, Bi thin film should be placed on top
of the bowtie aperture. Bowtie array has been fabricated as mentioned before, and the array
greatly increase the possibility to cover the bowtie aperture with Bi films.
The experimental setup is the same as previous, except the introduction of bottom
illumination. The alignment bottom illumination has been mentioned before, in order to
excite the bowtie aperture, the bottom 633nm laser should cover the bowtie aperture. Thus,
there will be a steady temperature distribution on the Bi thin film. The same Bi thin film is
calibrated on the micro-Raman system before TERS scan and the figure 3.24 shows the
calibration data of the 10nm-thick Bi thin film. The insert shows the optical image of the
Bi film with scale bar of 5μm, within which the red square indicates the bowtie underneath
the Bi film. The thickness of the Bi film is obtained by AFM, and the height information
is shown in the figure 3.24. The calibration data presents a fine linear relation of the
temperature and the A1g peak of Bi. With the linear relation known, the Bi thin film can be

104
a thermometer under TERS scan, and it is noteworthy that the calibration was conducted
at relatively low temperature and the reason is to avoid the metamorphism process. The
power of laser under each circumstance is detailed below.

Figure 3.24. (a) Temperature dependence of Raman peak (A1g peak) of the 10nm-thick Bi
thin film at different temperature. (b) The optical image and AFM image of the scan
region which is indicated in the optical image of the Bi film with scale bar of 5μm in the
optical image and 250nm in the AFM image, within which the red square indicates the
bowtie underneath the Bi film as well.

With the Bi film calibrated, the TERS scan can be conducted with the same Bi thin film
loaded on the cooling stage. The alignment of side illumination has been discussed, so does
the alignment of bottom illumination. The power of the Raman laser and the bottom
illumination laser on the sample is 14.3μW and 42μW respectively.
Figure 3.25 shows the contour plot of the temperature distribution at the bowtie
aperture. The temperature of the Bi thin film is acquired by first multi-peak Lorentz fitting
the ram TERS signal to get the A1g peak position, and then with the linear relation between
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Raman peak (A1g peak) of the 10nm-thick Bi thin film and the temperature already known
the temperature of Bi thin film with bowtie aperture underneath under TERS scan can be
obtained. The scanning area is 250nm×250nm and the step length is 25nm. The temperature
presented in the figure is not the absolute temperature of the Bi thin film, but the
temperature difference between the scanned points and the background reference. The
background reference here means the Bi temperature obtained by TERS scan but without
the bottom illumination exciting the bowtie aperture, in other words, there is no nanoscale
hotspot.
As shown in the figure 3.25, there is a high temperature region (100nm×100nm) at the
center of the scan area. The maximum and minimum temperature difference is 25.8℃ and
8.4℃ respectively. The total scan time for the figure 3.25 is 15 minutes.
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Figure 3.25. Contour plot for temperature difference of Bi thin film within the scan
region, and the scale bar indicates the temperature difference range from 8.4℃ to 25.8℃.

3.6

Summary
In this chapter, the TERS scan of Bi thin film was achieved by the homemade TERS

setup, which combined the AFM and Raman spectrometer. The AFM is equipped with
homemade cooling stage, an Au-coated tip with angled tetrahedral geometry, long working
distance objective mounted 3-axle piezo stage for alignment of the Raman laser and bottom
illumination setup to excite bowtie aperture thus create nanoscale hotspot. The cooling
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stage made it possible to cool the Bi thin film as a result, this prolonged the scan time. In
addition, the influence of different introduced laser power on the rate of metamorphism
process had been investigated. Furthermore, the influence region of the metamorphism
process had been known as well. Since the alignment plays an important role in the TERS
enhancement performance, the enhancement ratio under different focal point locations
around the tip apex had been studied. Then, with the help of finest alignment, the maximum
TERS enhancement ratio under this setup had been achieved at 8.7 and the spatial
resolution of this homemade TERS system has been defined to 60nm. Eventually, the
temperature distribution of the bowtie had been detected by integrating all the achievement
above. The size of the hotspot size was calculated as 100nm×100nm.
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CHAPTER 4.

4.1

CONCLUSIONS AND FUTURE WORKS

Summary and Conclusions
Tip Enhanced Raman Spectroscopy (TERS) was utilized as a non-invasive temperature

measurement tool with high spatial resolution in this thesis. The most important feature of
TERS is that it has both nano-scale topography and optical resolution and can significantly
enhance weak Raman signals from very small samples in the nano-domain. Thanks to the
use of gold-coated probes to enhance local Raman signals, TERS technology can achieve
high spatial resolution.
In this thesis, a homemade TERS system was introduced to conduct the high spatial
resolution temperature mapping for nanoscale hot spot which generated by a bowtie
aperture.
Moreover, the position of the Bi Raman A1g peak has a linear relation with the
temperature difference, which makes it possible to utilize Bi thin films as thermometer
under TERS scan.
However, in this thesis, the metamorphism process of Bi thin films has been found
under both situation, during the micro-Raman measurement and TERS scan, which
introduced error to the results. In this thesis, cooling was utilized as a feasible solution to
the metamorphism process. In addition, a special cooling stage was made for TERS scan.
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The metamorphism process under different laser power during TERS scan and the
influence region of the metamorphism process under TERS scan had been studied as well.
So far, all we have done is to slow down the metamorphism process in order to eliminate
its influence on the Bi Raman peak to the maximum extent.
Efforts has been made to improve the resolution of TERS scan. According to the results,
different focal point position resulted in various TERS enhancement effect which affected
the spatial resolution of TERS scan. The best enhancement under TERS scan in this thesis
was 8.7 times, that means the intensity of the Bi peak under TERS scan is 8.7 times of the
intensity under micro-Raman scan using same laser power on the sample. In addition, the
spatial resolution of this homemade TERS system has been defined to 60nm. The
temperature distribution of the bowtie had been detected successfully as well.

4.2

Future Works
Since the metamorphism process was observed on Bi thin films, a more stable material

maybe worth considering to be utilized as the nanoscale thermometer under TERS scan,
such as bismuth telluride or bismuth telluride selenide. Both of them have lamellar
structure which makes it possible to get several nanometer thin films.
Cooling effect for the cooling stage in the thesis can be improved further. Due to the
introduction of two nitrogen flow, there will be large heat dissipation on the surface of the
Bi. A better heat insulation will be a possible solution.
The enhancement of the TERS scan is still under 10 times to the micro-Raman scan,
and this still needs to be improved. Furthermore, the spatial resolution is restricted by the
low enhancement ration as well. The radius of the gold-coated AFM tip is another factor
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that affects the TERS spatial resolution. The radius of the tip in this thesis is around 50nm
which maybe due to the coating method the NANOSENSOR used. Thus, the next possible
step is to decrease the tip radius by using other coating method such as utilizing electron
beam evaporator. In fact, the special clamp made for the AFM tip used in this thesis due to
its unique angled tetrahedral geometry has already been made. However, the quality of
gold coating for the tip still needs to be improved.
The power of both Raman laser and the laser for exciting the bowtie aperture needs to
be further optimized in the future in order to ensure longer scan time stability and to get
better results.
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